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DO YOU WANT 


HEN you buy a thermometer, you usually 
have to look for one that will fit the particular 
job you’re doing. (Fisher stocks 279 different ther- 
mometers for laboratory jobs alone.) 
But you need only one thermometer—the Fisher 
Resistance Thermometer—if your job calls for: 


WIDE RANGE 
— 100° to 276°C on a single scale 


CONVENIENCE 
No reference junctions or special 
cable. Centigrade and Fahrenheit 
calibration 

SENSITIVITY 
Read and control within 0.1°C (0.2°F) 


ACCURACY 
Calibration exact to +0.5°C (+0.9°F) 


SPEED 
Faster response than most mercury 
thermometers 

VERSATILITY 


One instrument to indicate, control 
and record 


The Fisher Resistance Thermometer works as 
well monitoring temperatures in a pilot plant or a 
production line as in the laboratory. Its Monel- 
encased bulbs can be anywhere in the plant-——the 
indicator right on your desk. 

A plug-in attachment turns the indicator into a 
controller. And the Resistance Thermometer Bulb 
plugs directly into Fisher’s all-purpose laboratory 
recorder, the Recordall (trade-mark), to chart tem- 
peratures up to 320°C (608°F). 

This handy new thermometer for just about any 
job you have is another product of the busy Fisher 
Development Laboratories and Instrument Shops. 
You'll find full details on the Resistance Thermometer 
and its accessories in the Fisher Bulletin FS-253—20. 
Write 717 Forbes St., Pittsburgh 19, Pa. for copy. 
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t?| The Power Supply of Tomorrow— Here Today 


| RAPID GERMANIUM RECTIFIERS 


EFFICIENT * COMPACT + SEALED JUNCTIONS * LONG LIVED 


The features of new Rapid 
GERMANIUM Rectifiers are prov- 
ing to be the answer to many 
of the electrochemical industry's 

power problems. More than any 
: other DC power supply, Rapid 
GERMANIUM Rectifiers answer 


ks as the need for— 

ora 

[onel- EFFICIENCY — 95%. at full load 

the VOLTAGE STABILIZATION — = 1 volt from no load to full load 
COMPACTNESS — require much less space than conventional 

nto a units 

Bulb SEALED JUNCTIONS — corrosion is kept out 

ye PRECISE CONTROLS — oil immersed, fully motorized Inductrol 

; tem- 


controls, provide continuously variable control at the touch 
of a button 


LONG-LIFE — no aging or change in characteristics even after 
accelerated full load tests 


Find out more about RAPID GERMANIUM RECTIFIERS, ‘‘the power 
supplies of tomorrow — here today'’. Write to Rapid Electric Co.. 
2881 Middletown Road, New York 61, New York. Ask for Bulletin GE-2 
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The reasons why WESTON all-metal industrial thermometers 
excel in dependability and long life...enjoy such outstand- 
ing preference throughout industry ...stem in large part from 
Weston’s exclusive design and manufacturing methods. The criti- 
cal sensing elements are all Weston-made in the shorter multiple 
helix form to insure rugged, nonsagging units. They are then 
cycle-seasoned, over broad temperature ranges, to insure consist- 
ently precise indications over far longer periods. Thus they serve 
better, longer, at far lower over-all costs. Bulletin containing sizes, 
ranges and prices, available on request. WESTON Electrical 
Instrument Corporation, 614 Frelinghuysen Ave., Newark 5,N. J. 
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SARGENT 


Motor-Stirred 5 Ampere 


Magnetically Stirred 15 Ampere 


Designed for continuous trouble-free performance, these 
electrolytic analyzers, manufactured by E. H. Sargent & Co., 
are durably constructed of the highest grade materials and 
component parts, including stainless steel front panel, cast 
aluminum end castings and stainless steel fittings. 

Completely line operated, the Sargent analyzers employ 
self-contained rectifying and filter circuits. The deposition 
voltage hetween the electrodes is adjusted by means of auto- 
transformers, with meters indicating volts and amperes and 
controls on the panel. An easily replaceable fuse guards 
against circuit overload. 

The Sargent-Slomin Analyzer stirs thorugh a rotating 
chuck operated from a capacitor type induction motor, motor 
having a fixed speed of 550 r.p.m. with 60 cycle A.C. current 
or 460 r.p.m. with 50 cycle A.C. current. Motors are sealed 
against corrosive fumes; are mounted on cast metal brackets, 
sliding on 4” square stainless steel rods, permitting vertical 
adjustment of electrode position over a distance of 4”. Pre- 
lubricated ball-bearings support the rotating shaft. 

The Sargent Heavy Duty Analyzer provides efficient stir- 
ring by the interaction between the cell current and the field 
established by a permanent magnet, tubular in shape and 
coaxial with the cell holder. 

The Heavy Duty has recessed wells to hold the sample 
beakers, wells being 614” deep, designed to contain 250 ml 
electrolytic beakers, The wall of each well serves as an inner 
wall of the water jacket, for use in either heating or cooling. 
Two serrated nipples for rubber tubing connections for cool- 
ing or heating water are mounted on the right end casting. 
In plain copper analysis, 1 gram of copper may be deposited 
in 15 minutes with an accuracy of approximately 0.05% 
without the necessity of special techniques. 

All electrolytic analyzers accommodate electrodes having 
shaft diameters no greater than 0.059 inch. Stainless steel 


spring tension chucks permit quick, easy insertion of the 
electrodes and maintain proper electrical contact. On the 
Heavy Duty Analyzer, the cathode chuck is eccentrically 
mounted, providing adjustability to accommodate electrodes 
up to 50 mm diameter. Special Sargent high efficiency elec- 
trodes are available for both analyzers. 

Analyzers are complete with cord and plug for attachment 
to standard outlets, For operation from 115 volt, 50 or 60 
cycle A.C. circuits, 


SARGENT-SLOMIN | HEAVY DUTY 
Maximum D.C. current 5 ampere 15 ampere 
at each position 
Maximum D.C. voltage 10 volts 10 volts 
at each position 
Maximum power 150* or 300 watts 400 watts 
consumption 
Height 18 inches 20% inches 
Width 11%* or 21 inches 21 inches 
Depth 11% inches 11% inches 
Net Weight 35* or 61 pounds 80 pounds 
Shipping Weight 70* or 110 pounds 130 pounds 


*One position unit 
$-29459 ELECTROLYTIC ANALYZER — Motor Stirred, 
One Position, 5 Ampere, SARGENT-SLOMIN.......... $275.00 
$-29460 DITTO. But with adjustable sub-surface 
heater : $300.00 
$-29464 ELECTROLYTIC ANALYZER — Two Position, 
SARGENT-SLOMIN $425.00 
$-29465 DITTO. But with two adjustable heaters, pilot 
lights and control knobs.............000000+. $475.00 
$-29480 ELECTROLYTIC ANALYZER — Heavy Duty, 
Magnetically Stirred, Two Position, 15 Ampere, Sargent 
(illustrated top, right)... 75.00 
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E. H. SARGENT & COMPANY, 4647 W. FOSTER AVE., CHICAGO 30, ILLINOIS 
MICHIGAN DIVISION, 1959 EAST JEFFERSON STREET, DETROIT 7, MICHIGAN 
SOUTHWESTERN DIVISION, 5915 PEELER STREET, DALLAS 19, TEXAS 
SOUTHEASTERN DIVISION, 3125 SEVENTH AVE., N., BIRMINGHAM 4, ALA, 
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ANSWER: 


By using “Karbate’”’ products, you can: 


®@ Eliminate corrosion, metallic contamination 
and the effects of thermal shock 


® Utilize proved, rugged designs for long 
life, low maintenance 


® Order standard stock items for lower 
cost, faster delivery 


® Rely on service and application 
recommendations from National Carbon’s 
technical staff 


Many features recommend “Karbate” chemical process 
equipment for a prominent place in your plant. Its low 
first-cost, long service life and freedom from mechanical 
troubles merit your first consideration — not only in 
those highly corrosive services where nothing else will 
do, but wherever corrosion is a factor. 


The term “Karbate” is a registered trade-mark 
of Union Carbide and Carbon Corporation 


NATIONAL CARBON COMPANY 
A Division of Union Carbide and Carbon 
30 East 42nd Street, New York 17, N.Y. 


Sales Offices: Atlanta, Chicago, Dallas, Kansas City, 
Los Angeles, New York, Pittsburgh, San Francisco _ 
IN CANADA: Union Carbide Canada Limited, Toronto 


Write for literature! 
| Sys Pumps— Pipe and Fittings— Heat Exchangers— 
Catalog Section Catalog Section Catalog Sections 
$-7250 $-7000 $-6740 and S-6840 
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Editorial 


Hoover Urges Basic Research 


Tu HOOVER COMMISSION is to be highly commended for its dramatic 
demand that the government give far greater support to basic research. In marked contrast 
to its previous recommendations for eliminating six billion dollars of federal spending, the Com- 
mission now urges that more money be spent for fundamental research in the physical sciences, 
biology, and medicine. It proposes a more clean-cut distinction between the effort in basic 
and applied science. There are many excellent suggestions for improving the administration 
of military research and these can be put into practice without Congressional action. The five 
general recommendations urging more federal support for basic research and the fifteen 
specific suggestions as to procedure were worked out by a task force of which M. J. Kelly, 
President of Bell Telephone Laboratories, was chairman. No more eloquent statement of the 
necessity for the augmented program can be formulated than appears in the preface of the 
Commission’s report and is as follows: The foundation of the greatest sector of human advance- 
ment in modern times is basic research into nature’s laws and materials. It is from these sources 
that come the raw materials of applied science. We owe to basic research the fabulous improvement 
in the health of the nation; the greatest industrial productivity known to man; the weapons of 
defense which protect our independence; and our knowledge of the laws which govern the universe. 
There is no tribute great enough to express the nation’s obligations to its scientists, engineers, and 
military personnel for their contributions to our constantly increasing productivity and the strength- 
ening of our national defense. And there can be no relaxation in this effort. 

This report on the need for more basic research is a fitting climax in the activities of the 
Commission which went out of existence June 30. It will be recalled that this was the second 
Commission to be headed by former President Hoover. Its powers exceeded those of the first 
Hoover Commission in that it was authorized to suggest policy as well as procedural changes 
in government. The studies conducted by its thirteen task forces since the creation of the 
Commission in 1953 have pertained to budget and accounting, intelligence activities, lending 
agencies, medical services, overseas economic operations, paper-work management, personnel 
and civil service, procurement, real property, subsistence services, use and disposal of surplus 
property, water resources and power, and business organization of the Defense Department. 
It is to be hoped that its recommendations will fare as well as those of the first Hoover Com- 
mission, 72% of which have been put into effect. 


“Electrochemistry in Biology and Medicine” 


Under the above title the fifth volume in the Society’s monograph series has appeared. This 
superb authoritative survey of current work and thought in the field has been edited and in- 
troduced by Dr. Theodore Shedlovsky of the Rockefeller Institute for Medical Research. He 
and the other eighteen scientists who have collaborated in the preparation of this excellent 
book have made a notable contribution to the application of modern physical science to biology 
and medicine. —RMB 


Socte te 
| 
‘ 
mn 


Developed especially for vacuum metalizing 


to give you top performance at minimum cost! 


New Process 


SYLVANIA TUNGSTEN COILS wa STRAND | 


To help you get more shots per 
dollar in vacuum metalizing, New 
Process Sylvania source heater ma- 
terials are produced under exacting 
standards of uniformity throughout 
every step of manufacture. From 
tungsten ore to finished coils and 
strand, every production operation 
is done in Sylvania’s own plants. 

Special tungsten wire is coiled 
specifically for vacuum metalizing 
to assure both maximum evaporat- 
ing capacity and long service life. 
Sylvania offers you a wide selection 
of ready-made tungsten coils, in 
single or multiple strand, each de- 
signed for a specific metalizing 
application. 


If you prefer to form your own 
source heater coils, there are a full 
range of wire diameters and types 
to choose from. Whenever you en- 
counter special application prob- 
lems, our engineers will gladly help 
you work them out. Write for your 
copy of the newly published “‘New 
Process Sylvania Tungsten Coils 
and Strand,” presenting latest ap- 
plication and performance data. 


Sy.vania Evecrric Propucts Inc. 
1740 Broadway, New York 19, N. Y. 
In Canada: 

Sylvania Electric (Canada) Ltd., 
University Tower Bldg., 

St. Catherine St., Montreal, P. Q. 
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Technical Review 


Report of the Chlor-Alkali Committee of the Industrial 
Electrolytic Division for the Year 1954 


William C. Gardiner,’ Morton S. Kircher,’ and Warren D. Sherrow* 


Production in 1954 


The production of chlorine set a new record of 2,895,100 
tons in 1954, an increase of 3.4% over 1953. Daily capacity 
is now estimated to be 10,600 tons so that the average produc- 
tion was 75% of the installed capacity. The year started with 
a low average of 7350 tons per day in January and gradually 
improved to 8400 tons per day which held for October, 
November, and December. 

Caustic soda production was 3,393,900 tons, of which 14% 
was by the lime-soda process. 


Changes in the Industry 


The new plant of the Hooker Electrochemical Company at 
Montague, Mich., started in April and the chemical chlorine 
process plant of Hercules Powder at Brunswick, Ga., was 
started. International Minerals and Chemical Corporation ex- 
panded their caustic potash and chlorine facilities at Niagara 
Falls, N. Y. The Wichita, Kan., plant of Frontier Chemical 
Company expanded and a further expansion has been an- 
nounced. 

The Muscle Shoals caustic-soda chlorine plant was sold to 
Diamond Alkali in October and was expected to be in produc- 
tion early in 1955. 

The Dominion Alkali Plant at Beauharnois, Quebec, has 
been sold to Columbia-Southern. 

West Virginia Pulp and Paper Company shut down their 
plants at Covington, Va. and Tyrone, Pa., and are expanding 
their plant at Luke, Md., by replacing the Hargreaves-Bird 
cells with Hooker cells. 

Dow Chemical Company built a plant to convert NaOH 
to NasCO; at Freeport, Texas. 

General Aniline and Film Corporation announced their de- 
cision to build a 50 ton chlorine plant at Linden, N. J., using 
Mathieson cells. 

Weyerhaeuser Timber Company has indicated that they 
will build a plant of 110 tons capacity at Longview, Wash. 
This will be the sixteenth paper mill with a captive chlorine 
plant. 

Canadian Industries Limited announced that they would 
abandon their chlorine plant at Sandwich, Ont., which was 
partially destroyed when it sank into a brine well cavity. 
Expansion at Cornwall, Ont., will make up for the loss. 

The price of mercury hurt mercury cell operators. Starting 
at $187-S189 per flask ($2.46-$2.49/lb), every price change 
was up until it reached an unprecedented $325-$330 /flask 
($4.28-$4.35/lb) in October. The year closed with the price 
at $318-$320 ($4.19-$4.21). In July the General Services 
Administration announced a three year guaranteed-price 
program which calls for buying a maximum of 125,000 flasks 


1 Prepared for delivery before the Cincinnati Meeting, May 
1 to 5, 1955. 

2 Olin Mathiesen Chemical Corporation, 

3 Hooker Electrochemical Company, Niagara Falls, N. Y. 

‘Great Lakes Carbon Corporation, Niagara Falls, N. Y. 


Niagara Falls, 
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of domestic mercury and 75,000 flasks of Mexican metal at 
$225 per flask. The program also provides for contracts with 
producers in other countries. Mercury cells use about 5% 
of the total U. S. consumption. 

Oldbury Electrochemical Company started their sodium 
chlorate plant in Columbus, Miss. 

Joshua Szechtman has announced his invention of a cell to 
produce metallic sodium, sodium-lead alloy, or caustic soda. 
It is still a paper development but is based on the old Acker 
process, also German work before and during World War II 
with the electrolysis of fused salt in a cell with a cathode of 
molten lead.’ Szechtman’s idea is to use a modern mercury 
cell design and substitute a thin stream of molten lead for 
mercury with fused salt as electrolyte. The sodium-lead alloy 
could be used directly for tetraethyl lead production. Sodium 
metal would be recovered by distillation or secondary elec- 
trolysis. Caustic soda would be made by blowing steam 
through the sodium-lead alloy. 


Chlorine End Use 


The end use pattern of chlorine for 1953 was published in 
Chemical and Engineering News, March 22, 1954, as follows: 


Ethylene oxide and glycol 17.0 
Pulp and paper 14.2 
Carbon tetrachloride 6.8 


Trichlorethylene 6.2 


Tetraethyl lead fluid 5.6 
Monochlorbenzene 5.0 
Vinyl! chloride 4.4 
Direct treatment of water and sewage 4.0 
Perchlorethylene 3.8 
Propylene glycol 2.3 
All other consumers 30.7 

100.0 


During 1954 certain chlorinated solvents, plastics (vinyl 
chloride), and propellants (for aerosol bombs) made gains, 
while pesticides and herbicides (2-4D, 2-4-5T, etc.) and auto- 
motive fluids dropped slightly. Other uses remained about the 
same. 


Literature 


Three articles of interest to the chlor-alkali industry were 
published during 1954 in the JourNAL or THE ELEecrrRo- 
CHEMICAL SOCIETY: 

“Diaphragm Type Amalgam Caustic-Chlorine Cell” by 
Chas. Potter and A. L. Bisio, p. 158. 

“The pH in Chlorine-Caustic Electrolysis by the Mercury 
Cell Process”? by Lars Barr, p. 497. 

“Explosive Limits of Hydrogen-Chlorine Mixtures” by A. 
W. Umland, p. 626. 

An excellent chapter on chlor-alkali technology was written 
by Dr. Karl Hass in Ullmanns “Encyklopiidie der technischen 
Chemie,” Urban and Schwarzenberg, Miinchen-Berlin (1954). 


5 Field Intelligence Agency Technical Report No. 830. 
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Feature Section 


Joy in Service 


Presidential Address* 
Marvin J. Udy 


Fellow members of The Electrochemical Society, dis- 
tinguished guests, and friends: 

You have done me a great honor in allowing me to serve as 
President of The Electrochemical Society. It has been an 
honor I never expected, and one that, I am sure, was not 
entirely deserved by the small service I have rendered the 
Society during my membership over the past 35 years. 

It is a great honor that you do me tonight in listening to 
what is called ““The Presidential Address.” I assure you I will 
respect that honor and shall, in turn, honor you by being 
brief. 

Your Society is now operating under the new Constitution 
and new Bylaws. It has been a long task to get them written 
and accepted. The Committee under whose direction these 
changes have been brought about is to be congratulated for 
the fine work they have done. 

Your Society has had a good year, both financially and 
otherwise. Our finances are in good shape for the moment— 
thanks to our efficient Secretary, Dr. Henry B. Linford, and 
the efficient and loyal staff he has built up to handle the work 
of the National Office. Thanks also go to the wise handling of 
the Society’s monies by Mr. E. G. Widell, who is now re- 
tiring after several years of service. 

You will note that I have said “for the moment”’; for many 
of us feel that we are operating in an era of good times. A 
reversal of this condition would quickly use up any reserves 
the Society has, and we would again be in trouble. However, 
the Ways and Means Committee has recommended to the 
Board specific means of building up our reserve, and I am 
happy to say the Board has adopted these recommendations. 

There are other good reasons, I believe, that have con- 
tributed to the financial standing of your Society. These are, 
first, the excellence of the JouRNAL, and, second, the excellent 
programs put on by the Divisions of the Society. These two 
important functions of the Society have something in 
common that makes them so successful. 

Let me discuss the JourNAL first. It has attained the posi- 
tion of being one of the best, if not the best, in its field. The 
reason for this high position is due, I believe, to the conti- 
nuity of our Publications Committee. Dr. R. M. Burns, as 
head of this Committee, with Dr. Norman Hackerman, Dr. 
Cecil V. King, and Mrs. Ruth Sterns have for a number of 
years constituted this Committee. They have not had to 
contend with an ever-changing Committee and, thereby, have 
been able to keep closely to the aims and high standards set 
for the JourNnau. Their devotion to the JouRNAL has brought 
it to a position where it is now one of the best for recording 
new scientific work and improved processes in the principal 
fields of interest to the Society. 


* Delivered at the Cincinnati Meeting, May 3, 1955. 
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When it is realized that during the past year we had an 
income of about $20,850 from nonmember subscriptions, or 
about 70% of the dues collected by the Society, you can see 
how important the JourRNAL is to the well-being of the Soci- 
ety. In the past year nonmember subscriptions greatly helped 
to keep the Society operating in the black. I personally, and 
also for the Society, want to thank Dr. Burns, Dr. Hacker- 
man, Dr. King, and Mrs. Sterns and her staff for the excel- 
lent work they have done. 

Second, I would like to turn to the Divisions and those 
responsible for the programs at the conventions. As you know, 
each Division has a Chairman, Vice-Chairman, and a Secre- 
tary-Treasurer. It is the function of these chairmen to pre- 
pare programs for our conventions. Interest in the programs 
has been increasing steadily. At the Boston Meeting we had 
about as many nonmembers and guests as we had members; 
in fact, the rooms available would not accomodate the num- 
ber of people who wanted to attend. The Boston Meeting 
was very successful from a scientific, technical, and financial 
standpoint. I want to thank the Boston Committee for the 
fine convention they put on. 

There is a reason for these successful conventions, and I 
believe we will find it in the continuity of organization—just 
as in the Publications Committee. A Division Chairman and 
Vice-Chairman are elected for two years and, when the Chair- 
man retires, the Vice-Chairman moves up; thus there is con- 
tinuity of aims and purpose. When the ball is rolling it is 
easy to keep it rolling. The fine programs put on at the con- 
ventions have resulted in excellent material for the JouRNAL 
and help to maintain its high standards. These programs have 
resulted in several Monographs, which are also important as 
a means of recording work being accomplished in the scien- 
tific world, as well as a source of added income to the Divi- 
sions and the National Society. 

Here, tonight, I wish to commend very highly and thank 
the Division Chairmen and Vice-Chairmen and their officers 
for the fine work they are doing. The work of these men is 
heavy and their time is given freely and enthusiastically. 
Without them we could not have such fine conventions. 

Now, on the operation of your Society: your Society has 
become a rather big business. For the year ending January 
1, 1955, some $83,800 worth of business was transacted. 

I suppose every President of the Society experiences, in his 
year of office, certain problems that should be solved for the 
good of the Society, but about the time he has a partial grasp 
of the problems, his term is over. That is as it should be and 
I am not suggesting a longer term for the President as an 
answer to some of these problems. I do believe, however, 
closer cooperation of the Vice-Presidents with the President, 
and possibly two meetings of the President and Vice-Presi- 
dents each year should be mandatory. The purpose of these 
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meetings would be to discuss the problems of the Society and 
agree on a continuity of program to be carried out for the 
good of the Society. In this way, continuity of the aims and 
purpose of the Society would be more uniform, and unity of 
purpose would result at the Board Meetings. 

Furthermore, due to the different geographical locations of 
the Vice-Presidents, they might be given the additional duty 
of visiting the nearby Local Sections and, by so doing, much 
could be accomplished to create interest and activity in the 
Local Sections. 

An $83,800 business has to be operated with continuity. 
True, if the President and three Vice-Presidents are working 
closely together with the aims and purpose of the Society 
agreed upon, it may not be so difficult. Trivial matters could 
be kept in their place and the Board’s time spent on the more 
important and vital problems of the Society. 

There is, I believe, something lacking in the functioning of 
the Board and I believe it is the lack of continuity. If the 
Divisions elect their officers to serve for two years, alter- 
nately, and operate so successfully, then why cannot the 
Board of Directors be elected in the same manner. 

Likewise, there is nothing to provide continuity to the 
important Publications Committee, and it has kept its con- 
tinuity simply because of the devotion of the members of 
this Committee and their willingness to serve under each 
new President and new Board of Directors, when the new 
President and new Board are willing to reappoint them. 

It seems to me that, for a business of this size, the Board 
of Directors and Committees should be more permanent. 
Election for terms of two years, with a plan of alternate 
retirement and replacement, might work out to give more 
continuity to the Board. It is my hope that constitutional 
changes will be made in the near future to remedy these 
apparent weaknesses. The only other answer to this and 
other problems is a paid full-time business manager, full 
publicity, and intensified advertising through a proper me- 
dium. Your Society has grown up and is fast reaching a 
stage where it can no longer be run with an ever-changing 
Board of Directors and committees. 

If we lived in the South and West we would hear more 
about “State’s Rights.’ A fairly good-size dish of “States 
Rights” might help the Society. A revival of the Sections is 
needed and more work and more opportunities given them. 
True, we have created a new Advisory Council with two 
elected members from each Section, one elected each alter- 
nate year. The Advisory Council then elects two members 
to the Board of Directors. When prope: y operating, and 
fully participated in by the Sections, it should help give some 
continuity to the Board and also give the Sections a more 
direct part in National Society affairs. This is not enough, 
and more should be done to increase the activity in the local 
sections. The National Society is no stronger than the Sec- 
tions and the Divisions. Incentive should be given to revive 
and increase activity in the Sections. 

How this revival of the Sections is needed is shown by the 
following data. As of May Ist we have: 


Active Members............. 1975 including Life Members 
Honorary Members........ . . 5 
Sustaining Members......... 103 
Emeritus Members.......... 37 
Associate Members. ......... 60 
Student Members........... 
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Breaking this down by Sections the situation is as follows: 


36 
Washington-Baltimore.................... 109 
53 
1426 
New Members added to April 13, 1955: 
Estimated resignations and deaths.................. 70 


This is a gain of 5% and is not enough to keep the Society 
in a good, healthy condition. 

For the good of the Society we need new members; we 
need young men who are willing to serve. To the young man 
who is asked to become a member of the Society and replies. 
“What do I get out of it,” the answer is, “What can you 
give the Society; what service can you render?’’ I might 
answer the question by stating what the Society has given 
me for the little service I have rendered. The Society has 
given me, first, a chance to associate with the leaders of the 
industry from which I have made my living; second, a place 
for publication of my work whenever it meets the high stand- 
ards set up by the Society; third, a chance to take part in 
local sections and to associate with local leaders; fourth, a 
chance to attend national conventions and to see and hear 
what others are doing in my particular field and other related 
fields; fifth, a chance to be of service to others. All this helps 
in the growth and development of the individual to some- 
thing above the average. Think of the men I have known 
in The Electrochemical Society! Here are the names of some 
of them: Wilder D. Bancroft, F. J. Tone, Walter S. Landis, 
A. T. Hinckley, H. C. Parmelee, F. M. Becket, William Blum, 
$. C. Lind, Paul J. Kruesi, Francis C. Frary, Louis Kahlen- 
berg, Bradley Stoughton, Hiram 8. Lukens, James H. Critch- 
ett, Duncan MaclInnes, William G. Harvey, Robert L. 
Baldwin, H. Jermain Creighton, F. C. Mathers, R. R. 
Ridgway, Edwin M. Baker, R. M. Burns, 8. D. Kirkpatrick, 
W. C. Moore, George W. Heise, J. A. Lee, A. L. Ferguson, 
Charles L. Faust, Ralph M. Hunter, J. C. Warner, R. J. 
McKay, and a host of members, prominent in scholastic 
work and in industry. Each and every one has had some 
influence on my life and has made it better. What more does 
the young man want? 

The Electrothermics and Metallurgy Division has made a 
long step in the direction of interesting young men in electro- 
thermics and metallurgy. In the past year, through the efforts 
of their efficient Chairman, Dr. I. E. Campbell, and Vice- 
Chairman, Arthur Haskell, and the Executive Committee, 
they have evolved a plan of giving awards to students inter- 
ested in the field. The funds for these awards are to be sup- 
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plied by industrial companies, and the award is to be named 
after some prominent man in the company contributing to 
the award. I am happy to announce that our first award will 
be the Dr. F. M. Becket award. Dr. Becket was an active 
member of the Society and a Past President. He was founder 
of The Electrometallurgical Company, a Division of the 
Union Carbide and Carbon Corporation. The Electrometal- 
lurgical Company is graciously contributing the sum of 
$10,000, the income from which is to be used for a limited 
scholarship to a deserving freshman or a senior interested in 
the field of electrothermics and metallurgy. The Society is 
grateful to The Electrometallurgical Company, 
have our sincere thanks for their support. 

Further activity must come from the Sections and Divi- 
sions. I believe the Becket award has opened the way for 
many more such scholarships. 

Finally, we hear much in these days of the need for scien- 
tists and science teachers. Our JouRNAL, as well as many 
other like journals, has been publicizing this need. True, we 
need scientists and science teachers, but we also need men; 


and they 
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we need men steeped in the tradition of our forefathers, men 
of character, men who know their proper relation to their 
fellowmen, men with dignity, well balanced men, and self- 
reliant men. In this day and age of atomic science, when the 
central government has grown to an all powerful state, we 
need men and women of faith, vision, courage, who are un- 
afraid to shoulder the responsibilities of freedom, and willing 
to take back our rights to the state, to the county, to the city 
and to every hamlet, that we might take care of our own 
with the least interference from the national government. 
Yes, we need men and women who know from whence they 
came, why they are here, and whither they are going—who 
are willing to shoulder the burdens of freedom lest we lose 
our freedom. Without freedom there would be no need for 
scientists and science teachers. 

Again, let me thank you for the privilege of serving you to 
the best of my ability. I assure you, whatever service I have 
rendered to the Society, no matter how small, has been a 
great pleasure to me and Mrs. Udy, and I wish for all of you 
the best of everything. 


MANUSCRIPTS AND ABSTRACTS 
FOR SPRING MEETING 


Papers are now being solicited for the Spring Meeting of the Society, to be held at the Mark-Hopkins Hotel 
in San Francisco, April 29 and 30, and May 1, 2, and 3, 1956. Subjects to be covered at the technical sessions 
will be Electric Insulation, Electronics (including Luminescence, Oxide-Cathodes, Phosphor Application, 
Semiconductors, and Instrumentation), and Industrial Electrolytics, and probably Electrothermics and Metal- 
lurgy and Theoretical Electrochemistry. 

To be considered for this meeting, triplicate copies of abstracts (not to exceed 75 words in length) must be 
received at Society headquarters, 216 West 102nd St., New York 25, N. Y., not later than January 2, 1956. 
Complete manuscripts should be sent in triplicate to the Managing Editor of the JourNAL at the same address. 

** * 

The Fall 1956 Meeting will be held in Cleveland, Ohio, October 28, 29, 30, and 31, and November 1, at the 

Statler Hotel. Sessions will be announced in a later issue. 
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Direct contact of anode (left) without plastic coating causes “overprotection” 
and paint failure in immediate area. Dow's new coated magnesium anode 
(right) offers more uniform current distribution and longer useful anode life. 


Dow introduces revolutionary 


NEW MARINE ANODE 


The coating makes the difference—gives you 
longer hull protection and better current control 


Many an active ship has cut dry-dock time because of hull 
protection with Dow magnesium anodes. That’s an 
established fact. Now Dow Research has come up with a 
new streamlined and coated magnesium anode that has 
been designed specifically for the marine industry. 


The big advantage of this anode is its adaptability to a 
broad range of marine corrosion problems. The current 
output can be regulated to meet corrosion needs by the 


proper selection of the size and number of perforations 
in the coating—this means longer anode life. Regardless of 
the current selected, the coating will reduce the waste of 
overprotection near the anode by enforcing a more 
uniform current distribution—this reduces paint damage. 


This new anode is coated with a tough plastic that isn’t 
troubled by sea water and is streamlined to reduce drag 
—the 24 lb. unit is 2” thick and the 44 lb. unit is 4” thick. 


Call your Dow anode distributor today for details and 
delivery of these money-saving anodes. THE DOW CHEMICAL 
company, Midland, Michigan, Dept. MA 330V. 


DISTRIBUTORS: CATHODIC PROTECTION SERVICE, Houston, Texas * CORROSION SERVICES, INC., Tulsa, Okla. * ELECTRO-RUSTPROOFING CORP. (Service Division), 
Belleville, W.J. © ROYSTON LABORATORIES, INC., Blawnox,Pa. © STUART STEEL PROTECTION CORP., Kenilworth,N.J. © THE VANODE CO., Pasadena, California 


you can depend on DOW MAGNESIUM ANODES 
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Current Affairs 


Eppley Laboratory—ECS Sustaining 


The founding of the Eppley Laboratory as a producer of 
standard cells for industrial and laboratory purposes came 
about nearly 40 years ago through a fortuitous combination 
of circumstances. 

In 1915, when the tempo of the First World War was rap- 
idly increasing in Europe, Marion Eppley was a graduate 
student at Princeton, working for his Ph.D. degree. One day, 
having entertained at luncheon a representative of Leeds & 
Northrup Company of Philadelphia, he took his guest on a 
tour through the first Eppley Laboratory—a compact but 
complete basement and attic laboratory in which he was en- 
gaged in research work in electrochemistry connected with 
his doctor’s thesis. The guest’s marked interest, upon being 
shown some of Eppley’s “home-made” standard cells, 
not difficult to understand when he explained that the war 
had cut off the supply of standard cells from Europe, and 
that the manufacture of a line of potentiometric instruments 
for temperature determinations depended upon locating a 
domestic source of these cells having certain technical char- 
acteristics. Arrangements were quickly made for Eppley to 
supply Leeds with an initial order of 25 units, and the young 
industry was on its way. 

Before long it became obvious that the United States would 
soon become involved in the spreading conflict, and Eppley 
enrolled in the United States Naval Reserve with the rank 
of Lieutenant-Commander of the line. Ordered to Newport, 
R.I., as Ordnance officer of the Second Naval District, he 
was faced with the problem of fulfilling his military duties 
and at the same time continuing the manufacture of stand- 
ard cells, now a function of constantly increasing importance. 

The problem was solved by the loan—a permanent loan, 
as it turned out to be—of the services of William R. Gray, 
a young electrical engineer in the employ of Leeds & North- 
rup. Gray went to Newport, where he was installed in a 
cottage—still an integral part of the Eppley Laboratory—in 
the basement of which he proceeded to build standard cells, 
tutored by Lieutenant Commander Eppley during the latter’s 
“spare” time. (This was at night after the hours of naval 
duty. Work on cells often ran until two or three o’clock in 
the morning.) 

In the years following the armistice the plant expanded as 
the production of cells increased. The public was eager for 
the consumer goods denied it during the conflict, and the 
demand for more accurate, automatic controls of industrial 
processes became greater as industry sought to supply the 
public’s needs. 

A program of constant improvement and development of 
standard cells was always foremost, even in the earliest days. 
With a small though enlarged staff under the direction of Dr. 
Eppley, now freed from his naval] duties, methods of prepa- 

ation of materials were developed, and analytical checks on 
purity instituted. Many of these are still in use today. 

Cadmium and cadmium sulfate are purchased in the purest 
forms commercially obtainable. The metal is further purified 
by distillation, and each lot analyzed spectroscopically before 


was 
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use. The salt, each lot of which is similarly analyzed by an 
independent laboratory as well as by the Eppley staff before 
purchase, is dissolved in distilled water, recrystallized, and 
analyzed again before being made into the final cell solution. 
Mercury is cleaned by oxidation, washed, redistilled, and 
checked against standards of exceptional purity. 

In addition to the large-scale production of unsaturated 
cells—the ‘“pyrometer type” for use in industrial processes 
and the “precision type” for research and laboratory work— 
the firm has paid particular attention to the construction of 
saturated cells for customers who wish to establish banks of 
standards comparable to those of the National Bureau of 
Standards in Washington. Among the foreign governments 
purchasing these standards have been those of Israel, New 
Zealand, China (in the 1930’s), and the Union of South Africa. 
Precision saturated cells, since they cannot be shipped, must 
be carried by messenger, and in several instances physicists 
from these distant nations have come to the United States 
to visit at the National Bureau of Standards and elsewhere, 
picking up their cells in Newport. 

During the period between the two World Wars other 
products were developed: a line of precision d-c measuring 
instruments, thermopiles of various types, and the Eppley 
pyrheliometer for the measurement of total solar and sky 
radiation. The latter instrument, a form of the Weather Bu- 
reau type described by Kimball and Hobbs, has been adopted 
by the U.S. Weather Bureau. It, too, has penetrated to far 
parts of the globe, units having found their ways to Portugal, 
Finland, Hawaii, the Belgian Congo, Macao, Israel, Angola, 
and many other places. 

With the advent of the second great war, Dr. Eppley re- 
turned to active Naval Reserve duty in the rank of Captain. 
At the laboratory, the production of standard cells rose to an 
all-time high, taxing the facilities of the small plant to the 
utmost. There was also considerable activity on classified 
Government contracts, largely in the field of radiation. 

Interest in thermal detectors has increased in the years 
following the cessation of hostilities. One new product is the 
Golay Pneumatic Infra Red detector. This unique detector, 
now widely used in infrared spectroscopy, has an excep- 
tionally high sensitivity and a remarkably short time con- 
stant. A further application for it has recently been found as 
a detector in the millimeter wave region. 

Research on standard cells has also continued, the main 
object being the elimination of temperature hysteresis. One 
phase of this work was climaxed in 1951 with the presenta- 
tion at the Symposium on Electrochemical Constants, held 
at the National Bureau of Standards in Washington, of a 
paper! on standard cell septa by Dr. Eppley and George D. 
Vincent of the Laboratory staff. It was conclusively shown 
that the impurities which leached out from untreated or im- 
properly treated cork septa were responsible to a large degree 


1M. Eppiey anp G. D. Vincent, “Septa in Standard Cells,” 
NBS Circular 524, August 1953. 
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of cells as well. 


for the perhaps unimportant but determinable erratic behav- 
a of portable unsaturated cells during a rapid cooling follow- 
ing an elevation of ambient temperature. 

Concurrent with this research ran the development of 
plastic septa. All Eppley “miniature” cells are provided with 
the patented septa resulting from this work, and it is antici- 
pated that similar septa will soon be employed in other types 
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Plans for the present and future direction of research in- 
clude the further development of miniature cells and the 


production of a cell capable of withstanding greater current 


drains than standard cells have been subjected to in the 
past. The latter aim conflicts with the principle of “minia- 
turization,” as it appears that “current drain” cells will have 
to be larger rather than smaller, but it is confidently expected 


that this problem will be solved. 


Ulick Richardson Evans of Cam- 
bridge, England, has been selected by 
The Electrochemical Society as 1955 
‘Palladium Medalist. Dr. Evans will 
receive the third impression of the 
medal at the banquet on October 11, 
held in connection with the Fall Meet- 
ing of the Society at Pittsburgh, Pa. 

Dr. Evans is a distinguished scientist, 
who has written five books and about 
iwo hundred papers on electrochemistry 
and corrosion. He has probably done 
more than any other individual to place 
the corrosion of metals on a quantita- 
tive, scientific basis. On the funda- 
mentals elucidated by Dr. Evans is 
based most of the engineering progress 
that has advanced the prevention of 
corrosion to such a high stage of devel- 
opment during recent years. 

His first book, “Metals and Metallic 
Compounds,”’ was published in four 
volumes in 1923. During the writing of 
this book he became impressed by the 
lack of scientific knowledge of corrosion 
processes. Thus he started the work on 
this subject for which he became fa- 
mous. In 1924 his book on “The Corro- 
sion of Metals” was published. This was 
subsequently translated into German, 
French, and Russian, and was followed 
by a second edition in 1926. 

In 1937 his book “Metallic Corrosion 
Passivity and Protection” was issued. 
This was probably the most compre- 
hensive book ever written by one man 
on corrosion and protection. 

His latest book, “‘An Introduction to 
Metallic Corrosion,” was published in 
1948. 

The top floor of the old Chemical 
Laboratory Building, Pembroke Street, 
in Cambridge was the scene of most of 
Evans’ experimental work. He excelled 
in designing and carrying out critical 
experiments with a minimum of com- 
plicated equipment. His interest in the 
theory of probability and applications 


U. R. Evans 


of statistics began at an early age, and 
he was quick to apply these valuable 
tools to the study of corrosion. 

His fame in his chosen field attracted 
numerous research students to him. 
Men from many foreign countries, as 
well as from the British Isles, worked 
in his laboratories under his guidance. 
It was a stimulating and valuable ex- 
perience for all of them. 

Honors also came to him as a result 
of his work. He was awarded a D.Sc. 
degree from Cambridge University in 
1932 and from Dublin University in 
1947. He received the Armourers’ and 
Brasiers’ Research Fellowship from the 
Royal Society in 1933, and the Willis 
Rodney Whitney Award of the National 
Association of Corrosion Engineers in 
1948. He was elected Fellow of the 
Royal Society in 1950. 

Dr. Evans retired from his formal 
connection with Cambridge University 
in the fall of 1954 but he remains active 
in carrying out research in corrosion and 
as chairman and member of various 
committees in this field. 


Palladium Medal Award to U. R. Evans 


The first Palladium Medal Award was 
conferred on Dr. Carl Wagner in 1951, 
then Visiting Professor of Metallurgy 
at Massachusetts Institute of Technol- 
ogy, during the Fall Meeting of the 
Society in Detroit. The second Pallad- 
ium Medal was awarded to Dr. Nathan- 
iel Howell Furman, of Princeton Uni- 
versity, in 1953 during the Society’s Fall 
Meeting in Wrightsville Beach, N. C. 

The metal used for the medal, and its 
design, have an interesting significance 
in connection with the award. The use 
of palladium explains the selection of the 
figure of the Greek goddess, Pallas 
Athene, which appears on the back of 
the medal, and after whom palladium, 
a member of the platinum group of 
metals, was named. Alchemical symbols 
of other metals surround the figure of 
the goddess, who, according to mythol- 
ogy, protects materials against destruc- 
tion by the elements. Thus, the metals 
are secure against the corrosive influence 
of their environments. 


Pittsburgh Program Booklet 
Not to be Mailed Separately 


For the Pittsburgh Meeting, 
separate Program Booklets will 
not be mailed to members of the 
Society. For this meeting com- 
plete information, which in the 
past has appeared only in the 
Program Booklet, will be in- 
cluded in the September issue of 
the JournaLt. In other words, 
the September JouRNAL will carry 
General Information, Technical 
Program, and Abstracts. Reprints 
from the JourNAL will be avail- 
able at the Pittsburgh Meeting 
in the former Progratn Booklet 
size. 
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Pittsburgh’s Oakland Civie Center, showing Carnegie Institute, Mellon Institute, 
University of Pittsburgh. 


Members of The Electrochemical 
Society will get first-hand information 
about the current Pittsburgh renais- 
sance when they attend the Fall Meet- 
ing of the Society. Those who have 
known this mighty Pennsylvania city 
in the past need only to look around 
and watch the old landmarks crumbling. 
And in their places they will see the first 
evidence of a planned expansion and 
modernization—big buildings of stain- 
less steel and aluminum; huge bridges 
and long tunnels to provide straight and 
speedy traffic arteries over undulating 
topography; plus new centers of culture 
and engineering to spark a continuing 
development that promises to make 


Employment Posters for 
Pittsburgh Meeting 


Companies which desire to re- 
cruit employees at the Pittsburgh 
Meeting, October 9 to 13, 1955, 
are invited to prepare posters (not 
to exceed 814 in. X 11 in.) to be 
placed on a bulletin board near 
the registration desk. 

Company representatives can 
contact Mr. Robert A. Woofter, 
Registration Chairman, during the 
meeting to make arrangements for 
posters to be displayed. 


Pittsburgh one of America’s leading 
cities. 

Thus the empirical facts of Pitts- 
burgh’s redevelopment can be ascer- 
tained by direct observation and by a 
study of plans fresh off the drawing 
board. But what about the mechanism 
of this transformation? By what paths 
does a city undergo such changes? 
What interaction between government 
and industry is necessary, and what 
“activation energy” is required to carry 
out the process at a reasonable rate? 
The answers to such questions will be 
presented at a Society Luncheon on 
Monday, October 10, by a man who 
has had a prominent part in Pitts- 
burgh’s redevelopment—the Hon. John 
P. Robin, Secretary of Commerce, 
Commonwealth of Pennsylvania. 

According to Paul Fugassi, General 
Chairman of the fall convention, 
practical information on what to do 
and where to eat in Pittsburgh will be 
disseminated to the Society members 
and their wives during a get-acquainted- 
hour planned for Monday afternoon. 
Plant trips to representative industries 
in the Pittsburgh area are also planned 
—a steel plant, a power station, a 
chemical plant, and last, but perhaps 
not least, a brewing company or two. 

The city of Pittsburgh also holds 
considerable interest for the ladies, 


according to Mrs. R. A. Woofte 
Chairman of the Ladies’ Committee. 
sight-seeing tour of Fort Ligonier, pag 
of the Pennsylvania Turnpike, and 
scenic countryside near Pittsburgh hg 
been arranged for them. In additiog 
they will be conducted through the neg 
aluminum building of Alcoa and th 
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Further Details on Fall Meeting in Pittsburgh 


H. J. Heinz Co. plant (the latte 


company is in the food business). 
On the strictly social side, a theatg 
party will be held at the Pittsbungl 
Playhouse on Wednesday evening 
October 12. 
Complete details on the meeting 


including the technical program, willf 


appear in the September JouRNAL. 


Battery Round Table on 
**‘Aging”’ Problems in 
Batteries 


The Battery Division is planning aj 


all-day Round-Table Discussion at they 


Pittsburgh Meeting. The date has beei 
set tentatively for Tuesday, October 1f 
The session will cover processes whic 
limit the shelf or storage life and th 
charge retention of batteries. 

The ideal battery, completely inert 
except when electrical energy is being 
withdrawn or stored, does not exist 
Primary cells age by loss of water @ 
electrolyte, by corrosion of anodes, an 
by degeneration of separators an 
cathode materials. Storage batteries los 
charge while standing on open circuit, 
lead-alloy grids corrode, separators de- 
generate, and irreversible changes may 
take place in the active material of 
either plate. 

These side reactions present limita- 
tions to users of batteries, and a chal- 
lenge to their manufacturers. An infor- 
mal discussion of the symptoms, the 
causes, and the cures for these diseases 
should interest all members of the Bat- 
tery Division. The present plans call 
for a brief introduction to each subject 
by one of a panel of speakers, to be 
followed by general discussion from the 
floor. 


More complete details of the program | - 


will be sent to each member of the Bat- 
tery Division. Nonmembers of the 
Division can be added to the mailing 
list for this program by sending their 
names and addresses to Mr. E. J. 
Ritchie, Eagle-Picher Co., Joplin, Mo. 
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Cincinnati in Retrospect 


Snapped at the Cincinnati Meeting. I—F. A. Lowenheim, L. I. Gilbertson, M. J. Udy, and R. O. McDuffie (General Chairman 


‘fof the Meeting); II—W. C. Moore, A. T. Hinckley, and Sherlock Swann, Jr.; III—N.M. Winslow and G. W. Heise; [V—Leila Hol- 


lander, C. V. King, and H. T. Francis; V—Norman Hackerman and Mrs. Quentin McKenna; VI—Mrs. Udy, M. J. Udy, Julian 
Glasser, R. A. Woofter, and Mrs. Woofter; VII—A. C. Loonam, W. C. Gardiner, A. C. Haskell, Jr., and K. E. Kundel; VIII—A. 


Semiannual meetings of the Society 
grow bigger, and, it is hoped, better 


eacli 


year. The Cincinnati Meeting, 


May 1 to 5, 1955, broke all records. 


Meeting 


Washington 


Detroit 
Philadelphia 
Montreal 
New York 
Wrightsville 
Beach 


| 


| 


Let’s take a look at the record. 


Date 


April 8-12, 1951 
Oct. 9-12, 1951 
May 4-8, 1952 
Oct. 26-30, 1952 
April 12-16, 1953 


Sept. 13-16, 1953 


| Attendance, in- 


cluding ladies 
and guests 


595 
434 

72 
417 
696 


364 


| | Attendance, in- 
| 
| 


Meeting Date cluding ladies 
and guests 
| 
Chicago May 2-6, 1954 733 
Boston Oct. 3-7, 1954 562 
Cincinnati May 1-5, 1955 925 
Cincinnati outdistanced all of its 


predecessors on number of registrants 
and number of _ technical papers 
scheduled. To become bigger is not 
enough; the Cincinnati program also 
had quality of papers and variety. 
Monday morning at the Sheraton- 


“\L. Ferguson, F. C. Mathers, and A. T. Hinckley; [IX—H. B. Linford, Julian Glasser, and Mrs. Linford; X—E. G. Widell, H. R. 
-}|Neumark, and H. C. Miller. (Photographs by Ben Rosen, Cincinnati) 


Gibson Hotel there were so many 
people to be registered for technical 
sessions that things got a bit stacked up 
and confused, but members and guests, 
with their usual good humor, queued up 
and got acquainted. As registration 
climbed, shortages of supplies developed 
but, these, too, worked themselves out. 
Meeting room assignments were shuffled 
around, but, as far as we know, everyone 
got located satisfactorily. 

Monday evening’s informal buffet 
supper was highly successful from the 
diner’s point of view and well attended 


rs de- = ; 
mai 
rial ol 
limita 
chal | 
infor- 
s, the 
| | = 


196C 


from the local committee’s point of view. 
The planned entertainment broke up 
early enough to permit out-of-towners 
to investigate Cincinnati and its 
environs. Both were interesting and 
instructive. 

The Annual Business Meeting and 
luncheon on Tuesday had an unusually 
large attendance; word of Dr. Gustav 
Eckstein’s prowess as a speaker must 
have made the rounds in advance. As 
he talked one could see members 
observing each other, nonsmokers 
watching smokers light up with interest 
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and, perhaps, envious understanding. 
Dr. Eckstein discussed the psychology of 
hands, what people did with them as 
they talked, what painters did with 
hands in art to produce certain results 
and emotion; he made the simple (!) 
act of lighting a cigarette a highly 
complex and rather involved procedure. 
Check the motions through which you 
go to get a drag; you’ll see how busy it 
keeps your hands. 

On Tuesday evening, when President 
Udy completed his address members and 
guests rose to their feet clapping. You 


August 19%; 


can read his talk on page 188C of thi 
issue and those who didn’t hear him eq 
get, thereby, an inkling of the reasq 
for the ovation. President Udy wa 
brief, spoke sincerely, and on a subjeg 
close to those who attend meetings, the 
Society itself. 

The Local Committee which organ. 
ized and ran the meeting earned a vote 
of thanks from the Society. There is no 
Local Section in the area so credit goes 
to R. O. McDuftie and his committee. 
men for the fine job they did in handling 
the Society’s largest meeting. 


Highlights of the Meeting of the Board of Directors 


(Held May 1, 1955, Hotel Sheraton-Gibson, Cincinnati, Ohio) 


President M. J. Udy announced that 
he had just received a communication 
from Mr. A. L. Foscue, President of The 
Electrometallurgical Company, indicat- 
ing that Electromet would turn over to 
The Electrochemical Society $10,000 
for an F. M. Becket Memorial Award. 
Messrs. Ivor Campbell, A. C. Haskell, 
G. M. Butler, A. T. Hinckley, M. J. 
Udy, and J. H. Brennan were appointed 
as a committee to recommend details 
for the award. 

On motion of Dr. H. H. Uhlig, it was 
voted that the Board express its ap- 
preciation for the services rendered the 
Board by Mr. E. G. Widell these past 
years. The yearly report of the Treas- 
urer has been published in the July 
JOURNAL. 

On motion of Dr. L. I. Gilbertson, it 
was voted that the Report of the 
Auditor be accepted. The audit has been 
published in the July issue of the 
JOURNAL. 

The Secretary then requested a 
change in the budget for the coming 
year. Due to the cash system of book- 
keeping, the probability of an error 
having been made on estimated income 
from nonmember JouRNAL subscrip- 
tions was so high that the Secretary re- 
quested reducing the budgeted income 
from this source from $25,000 to $22,000 
and at the same time to reduce the 
budget for printing and mailing of the 
JourNAL from $31,000 to $29,000. This 
would still leave the budget in the black. 
On motion of Dr. F. A. Lowenheim, it 
was voted that the proposed budget 
changes be made. 

Due to incomplete returns from a 
mail canvass of the Board, the matter 
of a reader’s service card was discussed 
at some length, the final decision being 
to try this for a three-month period. 


The Chicago Convention financial 
statement was presented and approved. 

The Ways and Means Committee 
recommended that the Secretary ar- 
range for an insurance policy to take 
care of sick leave on the basis that the 
Society pay 24 of the premiums and the 
employees 1g. On motion of Mr. R. J. 
McKay, it was voted that this recom- 
mendation be accepted by the Board. 

At the recommendation of the Ways 
and Means Committee, and on motion 
of Dr. Uhlig, it was voted that the 
accepted retirement age of office em- 
ployees be 65 years. However, any case 
may be reviewed by the Board. 

The Ways and Means Committee 
then recommended the setting up of a 
General Society Reserve Fund, and 
that monies for this purpose be obtained 
from two sources. First, increase the 
nonmember JouRNAL subscription rate 
from $15 to $18, and increase the dif- 
ferential between member and nonmem- 
ber registration at meetings by $3 (this 
would mean that if a member’s registra- 
tion costs $7, nonmember registration 
would be $13). The additional money 
obtained from these two sources would 
be put into the General Society Reserve 
Fund. On motion of Mr. McKay, it was 
voted to accept this recommendation. 

On motion of Mr. McKay, it was 
voted that the program booklet publica- 
tion be made by printing the program 
in the JourNAL and preparing the re- 
prints for distribution at the meetings. 

On motion of Mr. McKay, it was 
voted that nonmember invited speakers 
may register at national meetings at the 
expense of the national Society, pro- 
vided that the Division chairman in- 
volved so recommends to the Society. It 
was agreed that the Secretary would 
mail to the invited individual a card for 


presentation at the time of registration, 
stating this fact. 

The Ways and Means Committe 
presented the following tentative sched- 
ule for meetings: 


Spring 1959—Philadelphia 
Spring 1960—Chicago 
Spring 1961—Knoxville 
Spring 1962—Boston 
Spring 1963—St. Louis 
Spring 1964—Washington 
Fall 1959—Columbus 

Fall 1960—Houston 

Fall 1961—Detroit 

Fall 1962—Pacific N. W. 
Fall 1963—New York 
Fall 1964—Toronto 


On motion of Mr. McKay, it was 
voted that the Secretary arrange with 
the chairmen of the various local see. 
tions for a speaking tour of the President 
to include those sections that desir 
such a session, and that the financial 
arrangements be made by the national 
office, but that payments go directly 
from the Section to the President after 
all commitments have been made. 

The Electrothermics and Metallurgy 
Division asked for a decision from the 
Board regarding their volume “‘Vacuum 


Metallurgy.” Since John Wiley did) 


not desire to print this, due to their 
market survey indicating insufficient sale, 


the Division proceeded with publication }) 


They plan to sell the volume at $5 for 
nonmembers and $4 for members. The 
bill for the publication would be approxi 
mately $950. Dr. I. E. Campbell pre 
sented two plans: one for the Society te 
include it with its regular monograph 
series, under which circumstances, after 
costs the profits would be split 60-4 
between the Society and the Division: 
under the second plan the Divisio 
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would underwrite the entire operation, 
retaining all profits. On motion of Dr. 
Campbell, it was voted that the Society 
underwrite the operation and that this 
volume be considered one of the mono- 
graph series. 

The Secretary announced that the 
Young Author’s Prize winner’ was 
M. J. Pryor for his paper “The Pro- 
tective Action of Pigments on Steel,’ 


The President reported that Mr. 
G. W. Heise had expressed a preference 
to include his gift of approximately 
$1000 (See Board minutes published in 
the December 1954 issue of the Jour- 
naL) in Union Carbide and Carbon 
common stock in the General Society 
Reserve Fund. On motion of Dr. H. H. 
Uhlig, it was voted to include this 
principal sum in our General Society 
Reserve Fund. 

The following committee appoint- 
ments were made by the incoming 


President, H. H. Uhlig: 
Ways and Means Committee 


F. A. Lowenheim, Chairman 
R. M. Hunter 

R. A. Schaefer 

G. W. Heise 

M. J. Udy 

S. Swann, Jr. 

B. Yeager 


Finance Committee 


L. I. Gilbertson, Chairman 
F. A. Lowenheim 

H. B. Linford 

G. Widell 

Hans Thurnauer 


Patent Committee 


This was referred to the Ways and 
Means Committee. 


Publicity Committee 


This was referred to the Ways and 
Means Committee. 


Sustaining Membership Committee 
This committee is being worked on. 
Admissions Committee 


Louis Weisberg, Chairman 
L. I. Gilbertson 
H. Bandes 

Publication Committee 


R. M. Burns, Chairman 
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and the Francis Mills Turner Memoria! 
Award, Sponsored by the Reinhold Pub- 
lishing Corporation, winner was D. A. 
Vermilyea for his paper “Formation of 
Anodic Oxide Films on Cathodes.” 
President Udy then turned the meet- 
ing over to Dr. Uhlig for committee ap- 
pointments. Dr. Uhlig appointed Dr. 
John Musgrave as Chairman of the 
Membership Committee and Dr. Ralph 


Highlights of the Meeting 
of the Board of Directors 


(Held May 3, 1955, Hotel Sheraton-Gibson, Cincinnati, Ohio) 


The Secretary requested approval of 
the Bylaws of the Electrothermics and 
Metallurgy Division. These bylaws had 
been distributed several months before. 
On motion of Dr. Uhlig, it was voted 
that the bylaws, as distributed, be ap- 
proved. 

The Secretary then reported that the 
Publication Committee had requested 
restoration of the $2000 in the budget 
for the printing and mailing of the 
JourRNAL that had been removed at the 
May 1 Board Meeting. It was further 
noted by the Secretary that this deficit 
now most likely will be met by the Cin- 
cinnati Convention, and since the So- 
ciety is underwriting the Pittsburgh 
Meeting, also, the budgeted amount of 
net income from meetings could be 
raised by this $2000, retaining the 
budget in balance. Therefore, on mo- 
tion of Dr. Norman Hackerman, these 
budgetary changes were made. 

Dr. R. M. Hunter reported for the 
Ways and Means Committee that they 
would like to have a Survey Committee 
appointed to study the present affairs 
and the future outlook for the Society. 
On motion of Dr. Uhlig, -it was voted 
that the Board would approve such an 
appointment; Dr. Ralph Schaefer is to 
be Chairman. This committee would re- 
port to the Board through the Ways 
and Means Committee. 

The situation with respect to Mr. 
William J. Holian, Assistant Secretary, 
was reviewed. Due to Mr. Holian’s pro- 
tracted illness, the Board accepted his 
resignation, to be effective July 1, 1955, 
and, at the same time, it was voted that 
we express our appreciation to him for 
all his services to the Society. 

The Board then gave Miss Anne Zino, 
Assistant Business Manager, who has 
been handling the duties of the Assistant 
Secretary for the last year, a vote of 
confidence. 
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Hunter as Chairman of the Nominating 
Committee, the latter committee being 
composed of I. E. Campbell, E. B. 
Yeager, C. L. Faust, and Paul Delahay. 
These appointments were approved. 
The Secretary then resigned, at which 
time the Board voted to reappoint him 
for the succeeding year. 
The meeting adjourned at 5:30 P.M. 
Henry B. Linrorp, Secretary 


The meeting was adjourned at 3:20 
P.M. 


Henry B. Linrorp, Secretary 


M. J. Pryor 


Young Author’s Prize 


At the Annual Banquet held on 
Tuesday evening, May 3, during the 
Cincinnati Meeting of the Society, it 
was announced that the winner of the 
Young Author’s Prize of $100 was 
M. J. Pryor, Kaiser Aluminum and 
Chemical Corporation, Spokane, Wash., 
for his paper “The Protective Action of 
Pigments on Steel’? which appeared in 
the March 1954 issue of the JourRNAL. 

Dr. Pryor received his technical edu- 
cation in Cambridge, England, where 
he was graduated with honors in metal- 
lurgy from Cambridge University in 
1946. In 1949 he received his M.A. and 
Ph.D. after studying with Dr. U. R. 
“vans at the same institution. Subse- 
quently, Dr. Pryor held a post doctorate 
fellowship at the National Research 
Council of Canada where he later be- 
came a Research Officer. In 1953 he 
joined the staff of Kaiser Aluminum’s 
Department of Metallurgical Research 
as a Research Metallurgist in the Cor- 
rosion Section. 

He is the author of nearly 20 scientific 
papers dealing mainly with corrosion 
and electrochemical mechanisms. Dr. 


Pryor’s main areas of research have been 
in the mechanisms of inhibition of the 
corrosion of iron and in the properties of 
surface films on both iron and aluminum. 


2 
/ 
N 
| \ | 


198C 


Turner Memorial Award to 
D. A. Vermilyea 


D. A. Vermilyea, General Electric 
Company, Schenectady, N. Y., is the 
winner of the Francis Mills Turner 
Memorial Award, Sponsored by the 
Reinhold Publishing Corporation, con- 
sisting of $100 worth of books. His 


D. A. VERMILYEA 


paper entitled “Formation of Anodic 
Oxide Films on Cathodes” appeared in 
the August 1954 issue of the JouRNAL. 

He received his B.S. degree in metal- 
lurgy from Rensselaer Polytechnic 
Institute in 1947. After working for 
DuPont for one year, Dr. Vermilyea 
returned to Rensselaer as an instructor 
and while there took graduate courses. 
In 1951 he joined the staff of the General 
Electric Company’s Research Labora- 
tory. He received his Ph.D. degree from 
Rensselaer Polytechnic Institute in 
1953. 

Dr. Vermilyea has been concerned 
chiefly with the kinetics of the formation 
of thin films of reaction products on 
metals. 


SECTION NEWS 


Midland Section 


On May 10, 1955, the Midland See- 
tion held a dinner in honor of Mr. V. V. 
Kendall, the speaker for the evening, at 
the Midland Country Club. 

After dinner, the main program was 
held in the Dow Research Auditorium. 
Mr. Kendall, who is a well-known cor- 
rosion engineer with the National Tube 
Division of the United States Steel 
Corporation, gave a most interesting 
talk entitled “The Diagnosis of Cor- 
rosion Problems.” Mr. Kendall had 
more than 45 colored slides to illustrate 
his lecture, as well as an exhibit of cor- 
rosion specimens. The specimens were 
varied in their origin and were repre- 
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sentative of problems encountered over 
the past 30 years. 

Examples of corrosion in radiant 
heating pipes, due to poor design and 
construction, were shown. Corrosion of 
pipe by oxygen, COs, and acids was il- 
lustrated, and means for diagnosing the 
type discussed. Cast iron graphitization 
and dezincification of brasses were dis- 
cussed and illustrated. 

R. JUCKNIEss, 
Secretary-Treasurer 


Ropert I. JAFFEE 


The third meeting of the season was 
held on May 24, with Dr. Robert I. 
Jaffee of Battelle Memorial Institute as 
guest speaker. Dinner in honor of Dr. 
Jaffee was held at the Midland Country 
Club. Dr. Jaffee spoke before an audi- 
ence of about 100 in the Dow Main 
Auditorium. His talk was on “The 
Metallurgical Principles of Titanium 
Alloys.” 

He contrasted the physical metal- 
lurgical approach to titanium alloy 
problems at present with those of seven 
or eight years ago. Originally the con- 
cern was with equilibrium diagrams and 
tensile properties of alloys. Now, the 
kinetics of transformation and the 
dynamics of strain application are of 
major importance. Strain rates of 
interest range from those in creep tests 
to those found in impact. Stress con- 
centration and_ possible embrittling 
effects of low temperatures are of in- 
creasing importance The effects of the 
alloying elements on the properties of 
alpha and beta solid solutions, and the 
interrelations between interstitial and 
substitutional solutes have been studied 
widely. 

An interesting and extended discus- 
sion period followed Dr. Jaffee’s re- 
marks. 

R. JuckNtEss, 
Secretary-T reasurer 


The annual golf match between the 
Electrochemics and the Metallurgists, 


August ol. 


and the annual business meeting of the place 
Midland Section were held on June 8, Wate 
The Metallurgists won the match 7 to! So 


6. ron 
The following new officers were solar 
elected for the coming year: worl 
Chairman—Marshall Neipert 
Vice-Chairman—Paul Juckniess 


Secretary-Treasurer—H. W. Schmidt 
Representative on Council of Local 
Sections—Fred Koerker ind 
Revisions to the local constitution slide 
were also made. whic 
R. Jucknigss, 

Secretary-Treasurer 


New York Metropolitan Section levi 


The May 18th meeting was our an-[ndi 
neat 


nual Ladies’ Night, and 35 ladies were’ 
present. As usual, there were orchids for “©Y 
the ladies and other prizes for holders of ™Y 
the lucky numbers. The speaker for the*"™ 
evening was Dr. Maria Telkes, Project!” t 
Director of the Solar Energy Program of*°™ 
the Research Division, New York Uni! 
versity. Her topic was “Future Uses of °U% 
Solar Energy.” 

While the sun supplies a tremendous ver 
amount of radiant energy to the surface . 
of the earth, utilization of this energy he 
for the purpose of producing high tem-’ 
peratures for distillation of water, cook- itiliz 
ing, the production of power, or other™ 
purposes has been made difficult by the’ 
manner in which it is diffused. Reflectors’ © 
are usually required to direct the rays of 
the sun on the object to be heated.°¥! 
Where extremely high temperatures are! ¥° 
desired, a large system of mirrors is 
necessary. 

Perhaps the first use of solar energy om 
was for the evaporation of sea water to" 
obtain salt. At the time of the French 
Revolution, Lavoisier in France built a/ 
solar furnace which would melt even 
platinum. Since that time numerous at- 
tempts have been made to utilize solar 
energy. Furnaces have been built for 
the generation of steam power but the 
installation cost is high and power is At 
only produced on sunny days, so theseMay 
installations have not been entirely suc-plect, 
cessful. There are some interesting pos-year 
sibilities of converting solar energy) Ch 
directly to electrical energy which might yj 
be stored. A series of thermocouples or Se 
thermopiles, or the recently developed) 
solar batteries are methods which might 
be employed. Some solar furnaces are in 
use at the present time for obtaining £, 
very high temperatures. One such fur- 
nace located in the Pyrenees is 30 ft in) | 
diameter. During the war Dr. Telkes) M. 
developed a small solar still which wastwo- 
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ng of theplaced on life rafts to supply drinking 
| June §. Water. 
itch 7 to} Solar stills are possibly the most 
romising field for the development of 
rs weresolar energy. The tropical areas of the 
world which receive the most solar 
' nergy are also deficient in fresh water. 
some solar stills have been installed in 
horthern Australia. Northern Africa and 
India are badly in need of fresh water 
und have an abundance of sunshine. 
slides were shown of solar stills, one of 
which Dr. Telkes operated in Boston. 
Dr. Telkes described a solar stove 
yuilt in her laboratory, in which meals 
aave been cooked on the roof of one of 
he New York University buildings. This 
Section jeyice could be very useful in parts of 
our where fuel is scarce. Solar water 
dies were ters have been used in Florida but 
‘hey have the disadvantage of working 
nehdental yly during the time the sun is shining. 
os ten the /here has been a great deal of interest 
2. Project” the use of solar energy for heating 
rogram of homes. So-called solar houses have been 
Jork Uniuilt in which the south side of the 
xouse was almost entirely of glass. In 
ne, sunny weather these houses were 
verheated and in cold weather the loss 
i allel f heat through the glass walls exceeded 
xis energy he heat utilized in more favorable 
high tem./eather. In order for solar heat to be 
ter, cook-'tilized for house heating, some method 
Bi other#4 to be devised for storing energy 
by theWhich could be used when needed. Dr. 
Reflectors! ¢lkes has devised a system in which 
he ravs of is stored as heat of fusion of some 
heated, melting, cheap, inorganic chemicals. 
wo such chemicals are suggested for 
his use. One is Glauber’s salt and the 
ther is sodium orthophosphate dodeca- 
lar energy ydrate. It has been found possible to 
. water to Meat a house in the latitude of Washing- 
, ton, D. C., by this method. The speaker 
thowed a most interesting group of 
slides depicting various applications of 
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er but the 
_ power is) At its annual business meeting on 
s, so theseMay 18, the Metropolitan Section 
itirely suc-plected the following officers for the 
esting pOs-year 1955-1956: 
ar energy) Chairman—Myron B. Diggin 
hich might Vice-Chairman—Cecil V. King 
wouples or Secretary-Treasurer—Kenneth B. Mc- 
developed) Cain, Wilbur B. Driver Co., 1875 
hich might McCarter Highway, Newark 4, 
aces N_ J, 
obtaining Executive Committee—Bernard Agruss, 
» such fur-/ Mrs. Frances Lang, and Gunnar 
is 30 ft in} Stendahl 
Dr. — Martin F. Quaely was appointed to a 
which Wastwo-year term on the Council of Local 


KennetH B. 
Secretary-Treasurer 
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Sections; H. Bandes has an additional 
year to serve; F. A. Lowenheim will also 
remain a member of the Council for an- 
other year until his term of office on the 
Board of Directors of the Society 

expires. 
KENNETH B. McCarty, 
Secretary-Treasurer 


Niagara Falls Section 


Ladies’ night was held at the Red 
Coach Inn on May 11. 

Dr. G. Butler presented the following 
slate of Niagara Section Officers who 
were elected without dissenting vote: 

Chairman—John Currey 

Vice-Chairman—R. B. MacMullin 

Secretary-Treasurer—L. A. Stoyell 

An Alco representative with 47 years’ 
experience in the aluminum industry, 
Mr. C. P. Monteith, gave an interesting 
talk on “The Kitimat Story.” An im- 
pressive technicolor film of the four 
major phases of this undertaking was 
shown. 

Following the meeting, a letter was 
sent to Mr. Eric F. West of the Alu- 
minum Company of Canada thanking 
them for their services. 

L. A. SrovELL, Secretary 


Pacific Northwest Section 


The March meeting of the Pacific 
Northwest Section was held Tuesday, 
March 29, at Rose’s Highway Inn, mid- 
way between Seattle and Tacoma, 
Wash. Sixteen members and guests were 
privileged to hear a talk by Dr. M. J. 
Pryor, who is at present in charge of the 
Metallurgical Corrosion Group of the 
Kaiser Aluminum and Chemical Corp. 
in Spokane, Wash. Dr. Pryor’s topic 
was “The Mechanism of Anodic In- 
hibition of the Corrosion of Steel.” 

First reviewing the absorption and 
precipitation theories of film formation 
on iron, Dr. Pryor discussed research 
work he had done at Cambridge under 
Dr. U. R. Evans, which showed the im- 
portant role of dissolved oxygen in solu- 
tions inhibited with various anions. 
Electron diffraction techniques revealed 
that the films formed were gamma iron 
oxide rather than hydrated oxides. 
Postulation of the formation of the 
gamma oxide is supported by the fact 
that the films tend to be insoluble in 
acid media. It was also shown that in 
chromate inhibited solutions, within 
the limits of accuracy of the technique 
employed, there was no evidence of the 
presence of chromic hydroxide. The 
stoichiometry would indicate that if the 
chromate were reduced in the formation 
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of the oxide film, approximately 60% of 
chromic hydroxide should be present. 
Using these findings as a basis for postu- 
lating the formation of a film of the 
gamma oxide, the role of the inhibitor 
in maintaining a continuous film was 
explained. 

Dr. Pryor’s research indicated that in 
gamma oxide films formed in sodium 
hydroxide solution, inclusions in the 
films had been noted which were of the 
order of 4 to 5 times thicker than the 
balance of the surface film. These were 
apparently the results of discontinuities 
in the protective film, which had been 
plugged by the normal corrosion prod- 
ucts of iron, the hydrated oxide. 

Weight loss and polarization curves 
were presented which showed the ef- 
fects of aeration and pH on solutions 
inhibited with anions such as the 
phosphates, silicate, acetate, and benzo- 
ate. In the absence of oxygen, corrosion 
was not stopped, as shown by low but 
detectable rates of corrosion. As the 
solutions were made more alkaline, cor- 
rosion decreased and the equilibrium 
potential changed by about 0.59 mv per 
pH unit. Phosphate inhibited solutions 
were an exception, probably because 
film repair by formation of ferrie phos- 
phate plugs would be favored in low pH 
solutions. 

As the film of gamma oxide (similar 
in all characteristics to those formed in 
air) is established, the diffusion of fer- 
rous ion is gradually retarded and, as 
long as film repair can be maintained, 
corrosion is stopped. At discontinuities, 
repair is usually effected by the forma- 
tion of plugs of the hydrated oxides. 

In solutions inhibited with nitrate or 
chromate, both of which it was shown 
inhibit in the absence of dissolved oxy- 
gen, film repair may be postulated to be 
the result of formation of plugs of FeO 
accompanied by reduction of the in- 
hibiting anion. Under these conditions 
it would be logical to expect that the 
plugs, only, would contain the stoichio- 
metric quantity of chromium resulting 
from the reduction of the chromate ion, 
or that ammonia might be released as a 
result of the reduction of the nitrate. 

KENNETH L. SANBORN, 
Secretary-Treasurer 


Philadelphia Section 


The Philadelphia Section concluded 
its 1954-1955 season with a very enjoy- 
able meeting at Swarthmore, Pa. Over 
50 members, guests, and’ wives gathered 
for cocktails at the attractive and 
spacious home of Dr. and Mrs. Knut 
Krieger. The fair weather made it pos- 
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sible to enjoy this portion of the program 
on the terrace and in the garden. The 
group then repaired to the dining hall of 
Swarthmore College for dinner. Many 
of those in attendance had come to the 
campus before the cocktail hour to 
stroll about and inspect the beautiful 
plantings. 

After dinner, the Section moved to 
the lecture hall of the Chemistry Build- 
ing to hear a talk by Dr. Charles C. 
Price entitled ‘Science, Power, and 
Freedom.” Dr. Price is a graduate of 
Swarthmore College and of Harvard 
University. He has been on the staff of 
the University of Illinois, head of the 
Chemistry Department at the Uni- 
versity of Notre Dame, and is now 
Blanchard Professor of Chemistry and 
head of the Department of Chemistry 
at the University of Pennsylvania. Dr. 
Price has perhaps become as well known 
for his active interest in national and 
international affairs as for his numerous 
contributions to chemistry. His stimu- 
lating talk on this occasion was an 
earnest and compelling exposition of his 
views on current international problems, 
and was enthusiastically received by the 
audience. 

Section officers elected for the coming 
year were: 

Chairman—Edgar L. Eckfeldt 

Vice-Chairman—G. Franklin Temple 

Treasurer—Albert A. Ware 

Secretary—George W. Bodamer 

G. W. Bopame_r, Secretary 


San Francisco Section 


The last meeting of the current year 
was held on May 25 at the Faculty 
Club, University of California, Berke- 
ley, and was attended by 25 members 
and guests. 

A short business meeting preceded 
the regular one. A report was presented 
on the last national convention, and a 
progress report was made covering the 
arrangements for the Spring 1956 session 
to be held in San Francisco. The present 
officers were reelected for the 1955-1956 
fiscal year. They are listed below: 

Chairmen—Charles W. Tobias 

Vice-Chairman—Morris Feinleib 

Secretary—Henry F. Myers, Columbia- 

Geneva Steel Co., Russ Bldg., San 
Francisco, Calif. 
Treasurer—Ray A. Zimmerly 
Representatives on Council of Local 
Sections—Richard F. Bechtold and 
Sam H. Dreisbach 

Following this, Mr. Ralph Brogie, 

who represents the Brown Instrument 


JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


Division of the Minneapolis-Honeywell 
Regulator Co., gave an excellent talk 
on the use of electronic potentiometers 
in industry. 

Mr. Brogie traced the development of 
this type of instrument from the early 
millivoltmeter movements down to some 
of the latest scanning, programming, 
and data-handling electronic systems. 
He demonstrated how these electronic 
potentiometers could be applied to 
systems which furnish their own elec- 
trical potentials, as well as to those 
which did not. Changes in flow, or pres- 
sure for instance, could be converted to 
electrical potentials through  trans- 
ducers and then fed into electronic po- 
tentiometers. The use of scanners to 
read a large number of points in a short 
interval, as well as to mark those ex- 
ceeding a preset limit, was illustrated. 
Data-handling systems, which could be 
arranged to type the results into a fixed 
form, were briefly discussed. It was il- 
lustrated that this system could type a 
form, as well as transmit the data to 
several other locations via teletype 
setups, where a similar data-handler 
would then reproduce the original form. 
Some features of completely automatic 
control were also mentioned. 

The maintenance problem, which be- 
comes a serious limitation, was outlined. 
Mr. Brogie indicated that one solution 
was to replace specified mechanical 
parts at set time intervals, for this is the 
seat of most of the trouble in these 
electronic instruments. 

A very good movie made by the 
DuPont Co., entitled “Utilization of 
Modern Electronic Potentiometers in 
Research,” was shown by Mr. Brogie, 
who then consented to answer questions 
from the audience. A lively question and 
answer period followed. 

BERNARD PorTER 


Washington -Baltimore Section 


The 33rd technical meeting of the 
Section was held at the National Bureau 
of Standards on May 26. Dr. Mortimer 
C. Bloom of the Naval Research Labora- 
tory described a hydrogen effusion 
method for measuring corrosion rates at 
high temperatures and pressures. 

The specimens used in this work were 
capsules of mild or stainless steel fabri- 
cated from 14 in. tubing. The tubes, 
filled with the corroding solution, were 
crimped, and cut into short lengths. 
Spot welding completed the seal of the 
capsule, which was suspended in the ap- 
paratus on a platinum wire terminated 
by steel balls. The apparatus consisted 
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of an evacuated Pyrex glass system, A 
portion of which was enclosed in a fur. 
nace. The specimen was lowered int¢ 
the heated area with a magnet. 

A system of gauges measured the 
hydrogen pressure developed during the 
course of the reaction. This pressure 
arose from the hydrogen  diffusin 
through the walls of the specimen. Th¢ 
pressure, or amount of hydrogen, may 
be recorded at any time interval desired 
thus providing a measure of the cor. 
rosion at any given time, rather than the 
total corrosion of individual specimens 
as in common gravimetric methods. 

Dr. Bloom presented some of the 


data obtained by this method on carbo: 
and stainless steels reacting with alka- 
line media at elevated temperatures 
The results show a remarkable repro- 
ducibility, and indicate that this new 
technique promises to yield valuable in 
formation on the kinetics and mech 
anisms ot corrosion processes. 
The following officers were elected 
for 1955-1956: 
Chairman—Fielding Ogburn 
Vice-Chairman—D. T. Ferrell, Jr. 
Treasurer—Gwendolyn B. Wood 
Secretary—Jeanne Burbank 
Representatives on Council of Loca 
Sections—J. C. White and D. T 
Ferrell, Jr. 
JEANNE BURBANK, Secretar; 


PERSONALS 


Henry Mauusrepr has been named 
Manager of Sales of the Electroplating 
and Coating Sales Department of Meta 
& Thermit Corp. He has been connecter 
with associated companies of Metal 
Thermit since 1927, and for the pas 
seven years was sales manager of th 
plating department of United Chro- 
mium, Ine. 


B. A. Datey has been promoted t 
Chief Engineer of the Defense Divisior 
of Servel, Inc., Evansville, Ind. Mr 
Daley previously was chief metallurgist 
Servel’s defense activities include th¢ 
manufacture of wings, spars, and othe! 
aircraft components. 


BERNARD KopELMAN was recently ap 
pointed Chief Engineer of the Atomi 
Energy Division of Sylvania Electr 
Products Inc., Bayside, N. Y. Dr 
Kopelman will be responsible for 4] 
technical operations, including researc! 
and development of atomic fuel ele 
ments and reactor components. 
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Warren D. SHerrow has been ad- 
vanced from Special Sales Representa- 
tive to Product Manager of Anodes, 
Electrode Division, Great Lakes Carbon 
Corp. His headquarters remain in the 
sales 


Electrode Division’s office at 


Niagara Falls, N. Y. 


Frep J. KiRKMAN 


Frep J. KirKMAN AND JosEPH J. 
CoLeMAN have been promoted to Execu- 
tive Vice-President and Vice-President 
of Engineering, respectively, of the 
Burgess Battery Co., Freeport, Ill. Mr. 
Kirkman was formerly Vice-President 
and General Manager. Dr. Coleman 
had been the company’s Chief Engineer. 


J. COLEMAN 


Roserts, formerly with the 
Office of Naval Research in Washington, 
D. C., has transferred to the London 
office of ONR. 


R. H. J. Creiauton, J. HALPERN, AND 
W. G. WALLACE were among 52 prom- 
inent chemists and chemical engineers 
elected as Fellows of The Chemical 
Institute of Canada. Their election was 
announced at the 38th Annual Confer- 
ence of the Institute on May 30. This 
honor is granted each year to a few mem- 
bers of the Institute in recognition of 
their contributions to Canadian chem- 
istry and chemical engineering. 


CURRENT AFFAIRS 


RAY HILL WHITE 


Ray Hill White, Emeritus Member of 
The Electrochemical Society, died on 
June 15, 1955 in his home at Summer- 
ville, 8S. C. He was 76 years old. 

The son of Reverend James William 
White and Ellen Margaret Hill, R. H. 
White was born in Maine, Broom 
County, N. Y., on July 1, 1879. He 
graduated from Rochester University in 
1901 and from the Massachusetts 
Institute of Technology, where he 
studied electrochemistry, in 1905. 

Mr. White was research engineer for 
the Barium Company and then the 
Norton Company at Niagara Falls, 
N. Y. Later, he became a vice-president 
of the Simonds Saw & Steel Company, 
in charge of their abrasive industry, in 
Philadelphia, Pa., Hamilton, Ontario, 
and Arvida, Quebec, having designed, 
built, and managed the Arvida Plant. 
He retired in 1945, being retained three 
years longer in an advisory capacity. 

He also did research work in New 
York City and for the Lachwana Steel 
Company in Buffalo, N. Y., and the 
Pennsylvania Salt Company, — in 
Natrona, Pa. 

In addition to The Electrochemical 
Society, which he joined in October 
1902, Mr. White was a member of the 
Grinding-Wheel and Abrasive Grain 
Society. 

He is survived by his wife, Frances 
French White; a half-sister, Mrs. Harris 
Dale Hineline; her daughter, Patricia 
Frances Hineline; and three nephews. 

One well-deserved tribute was paid to 
Mr. White some years ago when an 
acquaintance said to him, “You have the 
highest ideals, and live up to them, of 
any person I ever have known.” 


NEW MEMBERS 


In June 1955 the following were 
approved for membership in The 
Electrochemical Society by the Ad- 
missions Committee: 


Active Members 


CuarLEs 8. BAuGMAN, National Carbon 
Research Labs.; Mail add: 11211 
Hessler Rd., Cleveland 6, Ohio 
(Theoretical Electrochemistry) 

Pau. G. Bentanus, Monsanto Chemical 
Co.; Mail add: 6518 W. Main St., 
Belleville, Ill. (Electric Insulation) 

Aut Riza Berxkem, University of 


Istanbul; Mail add: Fen Fakiiltesi, 
Istanbul, Turkey (Theoretical Elee- 
trochemistry) 

Watrer J. BerNarpD, Sprague Electric 
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Co.; Mail add: Box 132, Williams- 
town, Mass. (Theoretical Electro- 
chemistry) 

Atvin Bey ter, Jr., National Video 
Corp.; Mail add: 4300 W. 47 St., 


Chicago, Ill. (Corrosion, Electro- 
deposition, Electronics, Electro- 


Organic, Industrial Electrolytic) 
Wituiam E. Brapey, Philco Corp., 
Research Div., Tioga & C Sts., 
Philadelphia 34, Pa. (Electronics) 
Roserr A. Burescu, Titanium Alloys 
Div., National Lead Co.; Mail add: 
8505 Krull Pky., Niagara Falls, 
N. Y. (Electrothermics & Metallurgy) 
Joun G. CasHEett, Mellon Institute of 
Industrial Research; Mail add: 4400 


Fifth Ave., Pittsburgh 13, Pa. 
(Electronics) 


G. CHapwick, Electro Metal- 
lurgical Co.; Mail add: 110 Meadow- 
brook Dr., Lewiston, N. Y. (Electro- 
thermics & Metallurgy) 

Jost G. Pérez pet Rio, Escuela de 
Peritos; Mail add: ¢/Leopoldo Alas 
25-Gijén, Spain (Electrodeposition, 
Industrial Electrolytic) 

V. J. De Santis, General Electric Co.; 
Mail add: 1079 Parkwood Blvd., 
Schenectady, N. Y. (Electronics) 

Rostistav National 
Carbon Co., Research Labs., P. O. 
Box 6087, Cleveland, Ohio (Industrial 
Electrolytic, Theoretical Electro- 
chemistry) 

SrePpHEN V. Ditton, Johns-Manville 
Sales Corp.; Mail add: 15-A W. 64 
St., New York 23, N. Y. (Electric 
Insulation) 

Binettr Centro Ricerche 
Metallurgiche, Corso Matteotti, 3 
bis, Torino, Italy (Battery, Corrosion, 
Electrodeposition, Electrothermics & 
Metallurgy, Industrial Electrolytic) 

Orrmar A. HAMMELMANN, Sonotone 
Corp., Battery Improvement Lab., 
Elmsford, N. Y. (Battery) 

Vireit L. Hanstey, National Distillers 
Products Corp.; Mail add: 4900 
Burley Hills Dr., Cincinnati 27, 
Ohio (Electrothermics & Metallurgy, 
Industrial Electrolytic, Theoretical 
Electrochemistry) 

Arruur D. R. Harrison, Aluminium 


Nonmember Journal 
Subscribers 


Nonmember subscription rates 
to the JouRNAL in 1956 will be 
$18.00 instead of the $15.00 
previously charged. Current sub- 
scribers will be mailed invoices 
for $18.00 late in September. 
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Laboratories Ltd.; Mail add: 159 
Lawrie, Arvida, Que., Canada (Elec- 
trodeposition, Electrothermics & 
Metallurgy, Industrial Electrolytic, 
Theoretical Electrochemistry) 

W. Electro-Metal- 
lurgical Co.; Mail add: River Rd., 
Youngstown, N. Y. (Electrothermics 
& Metallurgy) 

Cart Herne, U. 8. Naval Post- 
graduate School; Mail add: P. O. 
Box 203, Corvallis, Oreg. (Electro- 
thermics & Metallurgy) 

Micuaet F. Lamorre, Signal Corps 
Engineering Labs.; Mail add: R.F.D. 
1, Box 333A, Belmar, N. J. (Elec- 
tronics) 

Srwon Laracu, RCA Labs., Princeton, 
N. J. (Electronics) 

Davin K. Lewis, The Radio Valve Co., 
Ltd.; Mail add: 885 Melton Dr., 
Applewood Acres, Port Credit, Ont., 
Canada (Electronics) 

Davip A. Luprer, General Electric Co., 
Bldg. 3, Rm. 16, Electronics Park, 
Syracuse, N. Y. (Electric Insulation) 

Joun W. Lynn, Carbide and Carbon 
Chemicals Co.; Mail add: 317 Viola 
Rd., Charleston 4, W. Va. (Electro- 
Organic) 

Wituram H. Macruper, Electrometal- 
lurgical Co.; Mail add: 526-Sist St., 
Niagara Falls, N. Y. (Electrothermics 
& Metallurgy) 

Leonarp Matset, National Union 
Electric Corp., 350 Seotland Rd., 
Orange, N. J. (Electronics) 

Ricuarp 8. MarGeson, Speer Carbon 
Co., International Graphite Div.; 
Mail add: 1309 Roselle Ave., Niagara 
Falls, N. Y. (Industrial Electrolytic) 

Bertram May, May Machine Co., 
Inc., 195 Chrystie St., New York 2, 
N. Y. (Battery) 

Ourver W. Motes, Titanium Div., 
National Lead Co.; Mail add: R.F.D. 
3, Plainfield, N. J. 

Moon, Sangamo Electric Co.; 
Mail add: 1015 N. Market St., 
Marion, Ill. (Electric Insulation) 

Raymonp J. Mouty, Quebee Iron & 
Titanium Co.; Mail add: 53 George 
St., Sorel, Que., Canada (Electro- 
thermics & Metallurgy) 

Emit NenNiGeR, Surveyor, Nenniger 
& Chénevert; Mail add: 1440 St. 
Catherine St., West, Room 1012, 
Montreal, P. Q., Canada (Electro- 
thermics & Metallurgy, Theoretical 
Electrochemistry) 

Epwarp C. Otson, Physics Dept., 
The Upjohn Co., Kalamazoo, Mich. 
(Electro-Organic) 

Epa@ar A. Perr, The Norton Co.; Mail 


ECS Membership Statistics 


The following two tables give break- 
down of membership as of July 1, 1955. 
73 delinquents were removed from the 
rolls as of May 1, 1955. The Secretary’s 
Office feels that a regular accounting of 
membership will be very stimulating to 
membership committee activities. In 
Table I it should be noted that the 


TABLE I. ECS Membership 
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totals appearing in the right-hand 
column are not the sums of the figures 
in that line since members belong to 
more than one Division and, also, be- 
cause Sustaining Members are not 
assigned to Divisions. But the totals 
listed are the total membership in each 
Section. In Table I, Sustaining Members 
have been credited to the various 
Sections. 


by Sections and Divisions 


Division 
| 

Chicago 9} 28} 3) 43) 11) 8 9 10) 16) 15) 99) 102) —3 
Cleveland 42} 4| 46) 30) 18) 27) 43) 16) 166) 150|+16 
Detroit 5} 15) 6| 33) 6) 4! 19) 20) 70} +3 
Midland 5} 12) O| 3 1 2 6) 15) 6 4, 36) 36) 0O 
New York 60} 100} 18) 130) 62) 25) 46) 52) 76) 73) 411) 374|+37 
Niagara Falls 6} 19) O| 15) 2) 6) 44) 43) 12) 26) 126) 105)+21 
Pacific Northwest 4, 10; O| 8 1 2} 3} 12) 12) 5) 35) 29) +6 
Philadelphia 19} 27) 39) 39) 18) 18) 13) 46) 29) 159) 144/415 
Pittsburgh 3} 27; 3} 21; 19) 14) 25) 12) 77| 69) +8 
San Francisco 7; 10) 1) 12) 6 3 7 18) 11 3} 41) 38) +3 
Washington-Baltimore 33) 36) 10) 33) 18) 3) 12] 12) 28) 110) 104) +6 
Ontario-Quebec 7) 12) OF 8) 22) 19) 13) 57) 43/414 
U.S. Nonsection 66) 145) 23) 153) 80) 48) 90) 95) 134) 102) 607) 581/+26 
Foreign Nonsection 29; 38) 6) 41) 14) 21) 25) 46 49| 57| 166 176|+10 
Total as of 7/1/55 300| 517 79 598} 280] 163] 325| 386| 487| 385, (2182 
Total as of 1/1/55 281) 516| 81} 590) 276; 169) 309) 374) 460) 306/2141 
Net Change +1\—2) +8) +4) —6/+16)/+12 +27/+79 


add: 3350 McLeod Rd., RR No. 2, 
Niagara Falls, Ont., Canada (Electro- 
thermics & Metallurgy) 

Cart E. Rupiger, P. R. Mallory & 
Co., Ine.; Mail add: 522 Sherman 
Ave., Hawthorne, N. Y. (Battery) 

STEPHEN W. Scort, Electrometal- 
lurgical Co.; Mail add: 1097-98th 
St., Niagara Falls, N. Y. (Electro- 
deposition) 

JosepH H. Olin Mathieson 
Chemical Corp.; Mail add: 2834 
Lewiston Rd., Niagara Falls, N. Y. 
(Industrial Electrolytic) 

Benson R. SunpHem, New York 
University, Washington Square Col- 
lege, Washington Square 3, N. Y. 
(Theoretical Electrochemistry) 

Aurrep F. Torrist, Ohmite Manu- 
facturing Co.; Mail add: 1232 W. 

Ave., Chicago 26, Il. 
(Electric Insulation) 

Marcet Trottier, Quebec Iron & 
Titanium Corp., P. O. Box 40, Sorel, 
P. Q., Canada (Electrothermics & 


Sherwin 


TABLE Il. ECS Membership by Grade 


| Totalas | Totalas | Net 
of 7/1/55 of 1/1/55 | Change 


1889 


Active } 1939 | +50 
Life 14 | 14 0 
36 | 39 | -3 
Associate 48 | 63 | -15 
Student | 40 | +9 
Honorary | 5 5 | 0 
Sustaining | 100 100 | 0 
Total | 2182 | 2141 | +41 
Metallurgy, Theoretical Electro- 


chemistry) 

CuarLes H. Weaver, Electro Metal- 
lurgical Co., Niagara Falls, N. Y. 
(Electrothermics & Metallurgy) 

JosepH R. WickHaM, Superior Elee- 
tronics; Mail add: 11 N. York St. 
Paterson, N. J. (Electronics) 

Joun E. Yarmack, Lorain Products 
Corp.; Mail add: 3952 E. Lake Rd., 
Lorain, Ohio (Electronics) 
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Associate Member 


Dan G. Soutis, National Carbon Co.; 
Mail add: 1800 Pleasantdale Ave., 
Cleveland 9, Ohio (Battery) 


Student Associate Members 


Irvinc GALPERIN, Western Reserve 
University; Mail add: 11095 Euclid 
Ave., Cleveland 6, Ohio (Theoretical 
Electrochemistry) 


Student Associate Memberships 
Awarded by the Cincinnati 
Committee 
Raw University of Cincinnati, 
Box 25, Cincinnati 17, Ohio (Theo- 
retical Electrochemistry) 

Harvey Autrer, Applied Science Re- 
search Lab., University of Cincinnati, 
Cincinnati 21, Ohio (Industrial Elee- 


trolytic, Theoretical Electrochem- 
istry) 
Rosert W. GarpNner, Dept. of 


Chemistry, University of Cincinnati, 
Cincinnati 21, Ohio (Theoretical 
Electrochemistry) 

CuarLes A. GupERJAHN, University of 
Cincinnati; Mail add: 1850 Chaucer 
Dr., Cincinnati 37, Ohio (Electronics) 

A. Hatasy, University of Cin- 
cinnati; Mail add: 1521 Teakwood 
Ave., Cincinnati 21, Ohio (Theoretical 
Electrochemistry) 

Tuomas C. MacAvoy, University of 
Cincinnati; Mail add: 1843D Chaucer 
Dr., Cincinnati 37, Ohio (Theoretical 
Electrochemistry) 

Harotp E. Munns, University of 
Cincinnati; Mail add: 2712 Scioto 
St., Cincinnati 19, Ohio (Electronics) 

Atgert NaratH, University of Cin- 
cinnati; Mail add: 6818 Springdale 
Rd., Cincinnati 11, Ohio 

Joun W. Winstow, Jr., University of 
Cincinnati; Mail add: 260 Calhoun 
St., Cincinnati 19, Ohio (Electric 
Insulation) 


Reinstatement to Active Membership 


Eart L. Hauman, The Exolon Co., 1000 
E. Niagara St., Tonawanda, N. Y. 
(Electrothermics & Metallurgy) 


LETTERS TO THE 
EDITOR 


A New Simple Method for Conversion 
of Silver Cyanide to Silver Sulfate 
for Analysis 

Dear Sir: 
The method for analysis of silver 
plating solution described in “Modern 


| 
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ANODE 


with NEW Anaconda “PLUS-4” ANODES* 


(PHOSPHORIZED COPPER) 


WHY PLATING COSTS LESS! 
+1 no sludge 


+2 
+3 
+4 


no copper “build-up” 
in solution 


smoother, denser 
cathode deposits 


up to 15% more 
cathode deposits 


CORRODED ANODES 


Phosphorized Fire Refined 
Copper Copper Copper 


**Plus-4’ Anode, far left, shows even, uniform 


corrosion. Irregular corrosion shown by other 


two anodes results in high scrap loss. 


*For use under Patent No. 2,689,216 


Electroplating’ always- leaves a trace 
of undissolved silver cyanide which 
thus is not available for titration. As a 
result, some chemists? recommend pre- 
cipitation of silver as silver sulfide, then 
filtration, followed by the above method. 

Being reluctant to expend any more 
time or work than necessary, I have 
worked out a new method for this 
determination, as follows: 

1. Place 10 ml of plating solution in a 
clean 400 ml Pyrex beaker and heat to 
dryness at about 200°F. In this labora- 
tory, a regular laboratory hotplate is 
usec at low heat and the beaker is pro- 


1“Modern Electroplating,’ The Elee- 
trochemical Society, Inc., New York 
(1942). 

? Private communication. 


Here’s a new copper anode for acid 
copper plating which eliminates 
“sludging off’ of copper particles to 
form sludge in the tank, “build-up” of 
copper in the electrolyte, and cathode 
roughness due to lodgment of copper 
particles. No “bagging” or diaphragms 
are required, 
In addition to overcoming these 
troublesome and costly acid copper 
plating problems, “Plus-4” Anodes 
late more co und of 
pact “fish” with considerable saving 
in scrap. “Plus-4” Anodes are fur- 
nished in all standard sizes and shapes 


and cost no more than ordinary rolled 


copper anodes. 

SPECIAL TRIAL OFFER — for details on 
how you can get enough “Plus-4” 
Anodes to fill one tank, write to The 
American Brass Company, Water- 
bury 20, Conn. In Canada: Anaconda 
American Brass Ltd., New Toronto, 


Ontario. 


**PLUS-4’’ ANODES 


ANACON pA 


PRODUCT 


made by 
THE AMERICAN BRASS COMPANY 


tected further with a porcelain plate. 
Popping will spoil the sample. When 
dryness is obtained, bake at high 
enough temperature to cause a slight 
browning of the residue in the beaker. 
Usually this can be accomplished in the 
time required for other determinations 
on the sample. 

2. Measure into a 50 ml graduate, 20 
ml of fuming nitric acid and 10 ml of 
concentrated sulfuric acid. (This may 
be frowned upon by fearful people, but 
I have done it many times. The mixture 
does not heat or misbehave.) Pour this 
at once (quickly) into the beaker con- 
taining the silver residue. Good ventila- 
tion is essential at this point. As soon as 
the strong ebullition subsides, place 


directly on hotplate at medium heat. 
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At this point, it should be evident that 
the silver has all dissolved, and the solu- 
tion will be slightly green. Continue 
heating to strong fumes of sulfuric acid. 

3. Cool the solution of silver sulfate, 
add 250 ml of distilled water, and heat 
to boiling, if necessary, to dissolve any 
undissolved solids. Cool this solution 
and titrate with sodium thiocyanate 
and ferric ammonium alum, according 
to standard procedures. 

Notes on accuracy—I have run 
numerous determinations against silver 
nitrate and against silver nitrate plus 
sodium cyanide, treated in the above 
manner. There was no discernable dif- 
ference in the quantitative titration. 
This probably works because the cy- 
anide is removed with heat and oxida- 
tion in the absence of water. 

Ordinary concentrated nitric acid will 
not work! Unfortunately, the above will 
not work if the fuming nitric acid and 
sulfuric acid are not added together to a 
heated residue. 

Foster H. Potanp 
Chautauqua Specialties Co. 
Greenhurst, N. Y. 


Dear Sir: 

I read with interest Dr. F. A. Lowen- 
heim’s Letter to the Editor in the May 
issue of the JourNa.. If you will recall, 
Professor Eckstein at the Society 
luncheon in Cincinnati opened his talk 
with a very similar remark, namely, 
that all physiology is essentially electro- 
chemistry. What is meant is, of course, 
that in biochemical processes physico- 
chemical—largely electrochemical— 
phenomena in the body fluids, cell 
interiors, and cell membranes play an 
important role. While I realize that Dr. 
Lowenheim’s suggestion was meant 
facetiously, it could be turned into a 
more serious one; a division for bio- 
chemistry could be organized, increasing 
both membership and JouRNAL sub- 
scription. 

ANDREW GEMANT 
The Detroit Edison Co. 
Detroit, Mich. 
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ECS Meetings 

The Fall Meeting of the Society will 
be held October 9 to 13, 1955 at the 
Hotel William Penn, Pittsburgh, Pa. 

Sessions are scheduled on Batteries, 
Corrosion, Electrodeposition, Electron- 
ics—Semiconductors, Electro-Organics, 
and Electrothermics and Metallurgy. 

The Spring Meeting of the Society 
will be held April 29 to May 3, 1956 at 
the Mark-Hopkins Hotel, San Fran- 
cisco, Calif. 

Triplicate copies of abstracts (not 
exceeding 75 words in length) of papers 
for the San Francisco Meeting must 
reach the Secretary’s office, 216 West 
102nd St., New York 25, N. Y., not 
later than January 2, 1956 in order to be 
included in the program. 

Sessions will be scheduled on Electric 
Insulation, Electronics (including Lumi- 
nescence, Oxide-Cathodes, Phosphor 
Application, Semiconductors, and In- 
strumentation), Industrial Electrolytics, 
and Electrothermics and Metallurgy, 
and probably Theoretical Electro- 
chemistry. 

Triplicate copies of manuscripts are 
acceptable either before or after presen- 
tation of a paper at a meeting. There is 
no connection between presentation of 
papers and publication in the JouRNAL. 


‘Vapor Plating”’ 


“Vapor Plating; The Formation of 
Coatings by Vapor-Deposition Tech- 
niques,” by C. F. Powell, I. E. Camp- 
bell, and B. W. Gonsor, sponsored by 
The Electrochemical Society, and pub- 
lished by John Wiley & Sons, Inc., is 
now available. 

This critical and authoritative review 
of the applications and techniques of 
vapor deposition of metals and non- 
metals is the first single source of 
reference for data and information on 
these processes. 

The book is being sold for $5.50 by 
John Wiley & Sons, Inc., 440 Fourth 
Ave., New York 16, N. Y. Members of 
the Society who order the book through 
ECS Headquarters Office, 216 W. 102nd 
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Brooklyn Polytech Symposium 


P The Polytechnic Institute of Brook- 
lyn, as one of its series of Centennial 
Symposia, is holding a Symposium on 
“Electroluminescence and Photocondue- 
tion in Organic Phosphors,” September 
9 and 10, 1955. Inquiries should be di- 
rected to Professor J. J. Dropkin, Poly- 
technic Institute of Brooklyn, 85 
Livingston St., Brooklyn 1, N. Y. 


EMPLOYMENT 
SITUATION 


Please address replies to box shown, 
c/o The Electrochemical Society, Ine., 
216 W. 102nd St., New York 25, N. Y. 


Position Wanted 


Cuemist, 36, 11 years’ experience, 
including batteries, electroplating, gen- 
eral physical and chemical commercial 
testing, seeks New Jersey, Philadelphia, 
New York City position. Relpy & 
Box 357. 


DECEMBER 


cation in the December 1955 issue. Any discussion which did not reach the Editor in time for inclusion in the 
June 1955 Discussion Section will be included in the December 1955 issue. Those who plan to contribute re- 
marks for this Discussion Section should submit their comments or questions in triplicate to the Managing 
Editor of the JourNaAu, 216 West 102nd Street, New York 25, N. Y., not later than August 15, 1955. All dis- 
cussions will be forwarded to the author, or authors, for reply before being printed in the JouRNAL. 


1955 DISCUSSION SECTION 


A Discussion Section, covering papers published in the January-June 1955 JourNALs, is scheduled for publi- 
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Kinetics of Nickel-Sulfur and Steel-Sulfur Reactions’ 


ANDREW DRAVNIEKS 
Engineering Research Department, Standard Oil Company (Indiana), Whiting, Indiana 


ABSTRACT 


The reaction of nickel with molten sulfur between 205° and 445°C follows the parabolic 
law. Up to 260°C the millerite form of NiS was the only sulfide detectable in the scale. At 


340°C and higher, the high temperature B8 form of NiS was the only sulfide in the scale. 
The activation energy (Arrhenius) below approximately 300°C is in excess of 50 keal; 
above this temperature, it is about 20 kcal. This compares with an activation energy of 41 
keal for the iron-sulfur reaction over the entire temperature range, where only one FeS 
form is known. Ni;Se, NigS;, two forms of NiS, and NiS., but not Ni;S. and Ni;S,, were 
found to form upon exhaustive reaction of the corresponding mixtures of Ni and 8. 
Formation of NiS. was several thousand times slower than the formation of NiS. NiS 
formed continuously. In the formation of FeS, definite evidence of scale failures and 
healings was found. A formal deseription of such a scale growth law is given and a term 
‘‘microcataclysmic”’ is proposed to describe this form of kinetics. 


INTRODUCTION 


Nickel and some nickel alloys are known to be 
susceptible to attack by sulfur compounds. Rela- 
tively little is known, however, about the kinetics of 
nickel sulfide formation, especially in the moderately 
elevated temperature range. The present work was 
undertaken to obtain such kinetic data and to com- 
pare them with the kinetics of iron sulfide formation, 
investigated previously (1), together with some 
newer data. To avoid complications arising from the 
presence of foreign species, formation of sulfides was 
studied in a molten sulfur medium. 


EXPERIMENTAL WorK AND RESULTS 


The experiments were conducted by two methods. 

In the first method, triplicate samples of A-nickel 
(45 X 8 X 0.62 mm) were immersed in molten 
sulfur at several temperatures for various periods of 
time. Nominal composition of this nickel was given 
as: 99.4% Ni, 0.1% Cu, 0.15% Fe, 0.2% Mn, 
0.05 % Si, and 0.10% C. The nickel content includes 
less than 1% cobalt. When specimens were removed 
from the sulfur, they were quenched in water. Weight 
loss was determined after mechanical removal of the 
sulfidie scale. A short pickling in 10% sulfuric acid 
was helpful in facilitating scale removal. Aver- 
ages from the triplicate specimens were used for the 
reaction-time curves, drawn as the top portion of 
Fig. 1 on the basis of the parabolic law. 

In the second method, the electrical conductivity 
of nickel strips immersed in molten sulfur was fol- 
lowed with time. Specimens were made of 0.025 mm 
(0.001 in.) A-nickel sheet. The technique and inter- 
pretation of the measurements have been described 

‘Manuscript received August 30, 1954. This paper was 


prepared for delivery before the Montreal Meeting, October 
26 to 30, 1952. 


elsewhere (1, 2). The electrical conductivity of nickel 
sulfides is quite high, so that, even after the total 
disappearance of the nickel metal by conversion to 
an initial form of sulfide, the specimen still has con- 
siderable conductivity. The sudden change in the 
slope of the plot of the relative conductivity vs. the 
square root of time, in the middle portion of Fig. 1, 
indicates the moment at which the metallic nickel 
phase disappears. This method indicated corrosion 
values somewhat higher than those indicated by 
weight loss measurements. However, since the 
samples of nickel used for the two techniques were 
of different thicknesses and origin, the discrepancy 
is readily explained. 

At temperatures below 300°C corrosion becomes 
so slow that the weight loss method is no longer 
recommended because of the uncertainties involved 
in the removal of the sulfidic scale. The conductivity 
method gave an indication of the corrosion rate at 
a temperature as low as 210°C. 

To determine whether any sulfur is dissolved by 
the metallic phase at lower temperatures, electrical 
conductivity-temperature curves were run on the 
nickel in the as-received condition, as well as on 
specimens which had been exposed to sulfur and the 
scale removed. The temperature coefficient was 
found to be unchanged after a 120-hr exposure to 
sulfur at 267°C. Thus, any appreciable solid solution 
of sulfur in nickel seems unlikely, at least at this 
temperature. 

It was observed that, after the disappearance of 
the metallic nickel phase at about 445°C, addi- 
tional, but slower, changes in the conductivity of 
the reaction product continued. To follow these 
changes, a small strip (10 X 2 X 0.025 mm) of 
A-nickel foil was fastened to the ends of four plati- 
num wires and placed in boiling sulfur. Using the 
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Fic. 1. Reaction of nickel with molten sulfur 
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Fig. 2. Changes in electrical conductivity during sul- 
furization of a nickel strip 0.0025 em thick at 444°C. 


platinum leads and an appropriate circuit, a record 
of the electrical resistance of the specimen was ob- 
tained. The record is replotted in log-log coordinates 
in Fig. 2. The conductivity of the specimen followed 
a complex curve as sulfurization proceeded. The 
temperature coefficient of the conductivity was of a 
metallic type for the early products of reaction. 
With advancing sulfurization, a semiconducting 
component with a negative temperature coefficient 
accumulated, offsetting the influence of the primary 
product; its effect was most important below ap- 
proximately 360°C. 

In order to make an x-ray study of the reaction 
products, strips of nickel were withdrawn from 
sulfur into a fast flowing stream of argon. Scaled 
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samples then were ground and were examined by 
powder x-ray methods. The patterns were compared 
with the Hanawalt-ASTM cards. 

For metallographic examination, nickel strips 0.6 
mm thick were reacted with sulfur kept at desired 
temperatures in thick Pyrex test tubes. After a 
completed exposure, the test tubes with specimens 
were rapidly cooled in a stream of air. Solid sulfur 
rods with the specimens embedded were cut and 
polished by the usual metallographic techniques. A 
l-min etch in a mixture of freshly prepared 10% 
solutions of potassium cyanide and ammonium per- 
sulfate helped to differentiate the layers in the scale. 


DiIscussION 
Kinetics of NiS Formation 


From Fig. 1, the formation of nickel sulfides from 
nickel and molten sulfur follows the parabolic law 
between 210° and 444°C. Since a rate-limiting inter- 
face reaction seems unlikely in contact with molten 
sulfur, it appears safe to assume that the rate-limit- 
ing process is the diffusion through the sulfidie scale. 

In the plot of log k vs. 1/T for the Ni + S reac- 
tion (Fig. 3) there is a change in slope in the vicinity 
of 300°C. The high temperature activation energy 
(Arrhenius) above 325°C is approximately 20 kcal; 
below 300° it is higher and may be given tentatively 
as 53 keal. This compares with 41 keal for the Fe + 
S reaction (1). 

Farber and Ehrenberg (3) found parabolic kinetics 
in the sulfurization of nickel by 1% HS in CO or 
N. in the range 527°-1003°C. However, in these 
mixtures the rate-limiting interface reaction ap- 
parently interfered, as indicated by the dependence 
of the rate on the nature of the gas (CO or N,). 
Similar indications are found in the work of Hauffe 
and Pfeiffer (4, 5), who were concerned with the 
formation of NiS at 670°C at reduced pressure of 
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Fic. 3. Variation of Ni + 8 and Fe + § parabolic re- 
action rate constants with temperature. O @ Ni full: 
conductometric; A & Fe open: gravimetric. 
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Fig. 4. Fe-S and Ni-S phase diagrams 


sulfur vapor. On the other hand, Hauffe and Rahmel 
(5) found the parabolic law to hold for the formation 
of FeS at similar conditions in sulfur vapor. The 
activation energy for the latter case, as inferred 
from the plot in Hauffe’s work, is not constant, 
however; its value approaches 23 kcal at 600°C, indi- 
cating that the reaction in sulfur vapor is not en- 
tirely diffusion controlled since in molten sulfur up 
to 445°C, where the surface reactions should be fast 
enough, F is 41 keal. 

It is best to discuss the kinetics on the basis of the 
nickel-sulfur and iron-sulfur phase diagrams, por- 
tions of which are reproduced in Fig. 4 [(6, 7), ef. 
also Ref. (18)]. As sulfurization proceeds, one should 
traverse the diagrams from left to right, with the 
final products being NiS, and FeS,. As long as some 
metal is left, any or all intermediate sulfides may be 
present. The lowest sulfide would be next to the 
metal; the highest, however, not necessarily the 
NiS, and FeS., would be at the scale-sulfur inter- 
face. If interface reactions are disregarded, the 
thicknesses of individual sulfide layers would be 
proportional to diffusion rates in each sulfide (8, 9). 
If, in any of the sulfides, diffusion is very much 
slower than in others, this sulfide may be either 
missing or so disorganized as to escape detection in 
the x-ray or photomicrographic study. Furthermore, 
if surface reactions cannot be disregarded (4, 10), 
and the diffusion in one sulfide is sufficiently fast, 
the surface of such a sulfide, for example NiS, may 
be kept in such a condition by the rapid arrival of 
Ni ions that nucleation (11) of the next sulfide 
(NiS.) may become impossible thermodynamically. 
Therefore, one does not necessarily expect to find in 
the scale all the sulfides listed in the phase diagrams 
if the metal-sulfur reaction is arrested while the 
metal is not fully consumed. 

X-ray examination of the scale formed in the sulfu- 
rization of nickel showed the presence of the high 
temperature B8 form of NiS only from 340°C up. 
At 260°C, only the low temperature millerite form of 
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NiS was found in the scale. No other sulfides were 
detectable. A metallographic examination revealed, 
however, that the scales were composed of three ir- 
regular layerlike components in each case. The ar- 
rangement found at 260°C differed from that found 
at higher temperatures. It seems possible that all 
three layers were NiS, with differences in the 
texture and composition (within the solid solution 
range) alone. This sort of thing has been observed, 
for instance, in copper iodide formed on copper in 
iodine vapor (12). Of course, it also is possible that 
some of the components may be Ni,S. or NieS; or 
NiS: in amounts and forms not detectable in the 
x-ray patterns. 

In the present work (cf. Fig. 2) formation of Nis, 
was shown to be very slow. Difficulties in preparing 
nickel by the reduction of Ni,S. (13) point out that, 
similarly, diffusion in Ni;S: should be relatively slow, 
at least in the Ni-rich region of the Ni;S, phase field. 

Regardless of these further details, the change in 
the nickel-sulfur reaction kinetics in the vicinity of 
300°C seems to be explained adequately by the two 
forms of NiS. The B8 form has a somewhat wider 
solubility range (6) and, therefore, is “looser” in 
terms of the forms of lattice disorder (14). 

This accounts for the lower activation energy for 
the reaction in the range of existence of the B8& 
form. It should be noted, that, under the existing 
dynamic conditions of scale growth, the B8 form is 
encountered in the sulfide formed at temperatures 
well below 400°C, although this generally is con- 
sidered to be the transition temperature between B8 
and millerite under equilibrium conditions. 

In the iron-sulfur system, the corresponding 
transition is missing. Although the ‘monoclinic’ 
phase reportedly has been found in minerals, it is 
questionable if it forms in laboratory conditions 
(15-18). Hence, the activation energy is essentially 
constant. 


Formation of Sulfides Other than NiS 


When a Ni strip prepared by exhaustive sulfuri- 
zation of nickel was kept in molten sulfur at 445°C 
(Fig. 2) nickel disulfide, NiS., was formed, at a very 
slow rate, as the final reaction product. From the 
rate of formation, diffusion in NiS, is several thou- 
sand times slower than in NiS. In the iron-sulfur 
reaction, FeS, formed much slower than FeS, ap- 
proximately by a factor of one thousand (1, 5). 

It is interesting to note that the conversion from 
NiS to Nis, is preceded by an intermediate transition 
(“A,” Fig. 2). While all nickel phase is consumed, 
with formation of NiS, within 2-3 min, the transition 
“A” begins only after 10 min. X-ray patterns of the 
product before and after the transition are identical. 
Formation of NiS, to any detectable amount begins 
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much later, after several hours. Thus, the nature of 
the phase formed in the transition “A” is not clear. 
It may be noted that this transition appears to pro- 
ceed by a sequence of saturation, nucleation, and 
grain growth, as indicated by the insert in Fig. 2. 
In the coordinates used, the above type of kinetics 
would result in a straight line plot. It may be specu- 
lated that after the total consumption of Ni metal, 
at 3 min, saturation of the primary NiS with more 
sulfur proceeds for several minutes until some sort 
of recrystallization begins, accompanied by a de- 
crease in the electrical conductivity. 

By milling together proper proportions of vacuum- 
redistilled sulfur and hydrogen-reduced nickel pow- 
der in evacuated containers® at various temperatures, 
NigSe, (13, 19-24), NisSs, (13, 18), both forms of 
NiS, and NiS», (24, 25), all with characteristic 
x-ray patterns, were prepared without difficulty. 
The transition between the B8 form of NiS and 
millerite was placed between 360° and 430°C, in 
accordance with the data by Lundquist and Rosen- 
qvist (6, 18). 

Nie, (6, 26), did not form. Instead, at 340°C 
‘compare crossmark on Fig. 4) NigSs formed. NijS, 
also did not form, even on prolonged milling; in the 
corresponding mixture at 210°C only NiS. and 
millerite were found. After these unsuccessful at- 
tempts, corresponding mixtures were pressed into 
pellets with several hundred atmospheres pressure 
and kept in evacuated capsules at temperatures for 
several months. No new patterns appeared. 

The failure to find Ni,S, is in agreement with the 
results of De Jong and Willems and others (27, 18), 
who also were unable to prepare it synthetically; 
Ni,;S, has been reported only as a mineral (27, 28). 
Thus, it was concluded that either the earlier litera- 
ture data on the existence of Ni;Ss and NisS, are in 
error or, more probably at least for the Ni,S,, they 
form extremely slowly and play no part in the main 
nickel-sulfur reaction kinetics. 


Continuity of Scale Growth 


There was no indication that breaks, blisters, or 
failures of any other type would interrupt the smooth 
parabolic growth of nickel sulfide scale. 

However, in the Fe + 8 reaction, thin films grew 
parabolically whereas, in thicker films, sudden ac- 
celerations occurred. Fig. 5 shows a replotted record 
for the reaction of steel with molten sulfur at 270°C, 
obtained on a small specimen continuously by 
using the electrical resistance method. The upper 


2500 cem round bottom thick wall Pyrex centrifuge 
bottles, with a charge of }4 in. diameter porcelain balls. 
The milling crushes the scale on nickel or sulfide particles 
and accelerates the establishment of final equilibrium very 
considerably. 
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Fic. 5. Corrosion of steel in molten sulfur; microcata- 
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Fic. 6. Types of complex parabolic rate laws in scale 
growth. 


plot represents differential rates of corrosion. The 
dots indicate periods of the fast accelerated growth 
where the acceleration was definitely larger than the 
resolution of measurements. 

If the initial parabola were followed, as indicated 
by the broken curve, somewhat less reaction would 
have been expected. The experimental curve is never 
a parabola. The over-all shape is best described 
formally by the equation 


ket"? 


= 


where g is the average corrosion, disregarding small 
inflections and n(¢t) is a time function. For the ideal 
parabolic law: n(t) = constant = 0.5. For the 
present case, n(¢) starts with 0.5 and keeps increasing. 

At the same time, the empirical curve has a sub- 
structure of imperfect parabolas, each caused by a 
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localized failure in the scale such as cracking, peel- 
ing off, or open blistering followed by parabolic 
healing of the failure. The growth of an element of 
the scale is always basically parabolic, but is dis- 
turbed by ever-repeating microcataclysms. Related 
effects have been observed in the oxidation of metals 
(29, 30). It is proposed to denote such kinetics as the 
microcataclysmic scale growth. Fig. 6 schematizes 
the types of curves. 

Here two functional parameters describe the 
kinetics. One is the basic parabolic constant k. This 
is a fundamental property of the chemical system 
concerned, and depends on the diffusivity through 
the corrosion product. The other is an undefined 
long term function n(t). This depends on volume 
change in reaction, adherence, and mechanical 
properties of the product. At the same time it is 
highly dependent on the operational factors such as 
curvature of the surface, vibration, temperature 
constancy, etc. In an extreme case n(t) = 1, and 
this simplification is frequently used in industrial 
corrosion considerations. 

The primary cause of the continuously occurring 
failures in the FeS scale may be the change in volume 
of scale as the amount of sulfur increases. Alsen (31), 
and Higg and Suckdorff (32) showed that FeS 
shrinks as it takes up more 8. This would build up 
stresses in the sulfide scale and tend to initiate 
failures. 

Sulfurization of nickel by molten sulfur proceeds 
smoothly, without failures of the sulfidie scale. The 
reaction follows the parabolic law, but the activation 
energy changes in the vicinity of 300°C. The com- 
pound NiS was the only product found in the scale, 
and the change in the activation energy correlates 
with the change from the low temperature form of 
NiS to the high temperature form. In the sulfuriza- 
tion of iron the activation energy is constant, in 
agreement with absence of a phase transition. Higher 
sulfides such as NiS. and FeS, form much slower 
than the lower sulfides. It is doubtful if NiS¢ and 
Ni,S, exist. In the formation of FeS on steel in sulfur 
frequent sulfidic scale failures occur and the long- 
range kinetics are intermediate between the para- 
bolic and linear. A term “‘microcataclysmic”’ is pro- 
posed to describe such kinetics. 


Any discussion of this paper will appear in a Discussion 
Section to be published in the June 1956 JouRNAL. 
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ABSTRACT 


The high temperature (600°-900°C) oxidation of an iron-nickel alloy containing 42% 
nickel has been studied with the objective of formulating the mechanism of reaction. 
The rate was determined gravimetrically. Reaction products were examined by means 
of metallographic and electron diffraction techniques, as well as chemical analyses after 


stripping. 


The temperature dependence of the parabolic oxidation rate constant follows the 
Arrhenius equation with the parameters dependent on the method of surface prepara- 
tion. The oxide film, upon cooling, possesses a two-phase structure consisting of a 
nickel ferrite (next to the alloy) and Fe.O;. Differences in activation energies and oxi- 
dation rates are explained on the basis of diffusion through ferrite structures of a vary- 


ing percentage of nickel. 
INTRODUCTION 


Iron and nickel form a continuous series of sub- 
stitutional solid solution alloys, with both compo- 
nents oxidizable. While the kinetics of oxidation 
for alloys up to 30% nickel has been studied (1), no 
systematic investigation of alloys of about equal 
percentage of nickel and iron has been made in 
the 600°-900°C temperature range. Alloys of this 
type are used in making glass-to-metal seals so that 
a clear understanding of the kinetics and mechanism 
of oxidation is important in the electrical and elec- 
tronic industry. 

The most extensive study of the oxidation of iron- 
nickel alloys was made by Bénard and Moreau (1) 
who investigated the behavior of alloys containing 
5, 10, 20, 30% Ni. The films developed on the alloys 
after oxidation and cooling to room temperature con- 
sisted of FesO;, FesO,, and a mixed layer of FeO and 
Fe,O, (proceeding inward to the metal from the at- 
mosphere). Koh and Caugherty (2) used an x-ray 
fluorescent technique to study the oxide layer formed 
on an alloy of 50 Ni-50 Fe composition. A spinel of 
lattice parameter a = 8.36 A was identified along 
with weak lines for FesO;. Hickman and Gulbran- 
sen (3) followed the oxidation of 49 Fe, 49 Ni, 2 
Mn alloy in purified O, at | mm pressure and from 
300°-700°C by an electron diffraction method, the 
observation being made at temperature. A spinel 
with lattice parameter of 8.42 8.43A was observed. 
This was assigned to Fe,;O, rather than to NiFe.O, 
because of the slightly higher observed value. 

The purpose of the present work was to study the 


' Manuscript received December 7, 1954. 
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kinetics of the oxidation of the iron-nickel alloy 
containing 42% Ni, and to formulate a mechanism 
of oxidation from the reaction rate and the nature 
of the surface layers. It was also desired to learn the 
influence of surface preparation on the kinetics and 
mechanism, with several ‘‘practical” surface prepara- 
tions being included in the investigation. 


EXPERIMENTAL 


Metal preparation.—Strips of the iron-nickel alloy 
with an apparent surface area of 25.8 cm? were cut 
from a band which had been finally cold finished to 
a thickness of 0.051 em. These strips were annealed 
and degassed in dry hydrogen (dew point = —50°F) 
for 2 hr at 1125°C, after which they were cooled in 
H, to about 75°C. 

The chemical analysis of the alloy was: Fe = 
57.4%; Ni = 41.8%; Si = 0.13%; Mn = 0.53%; 
C = 0.001%; Al = 0.05%; Co = 0.06%. 

Various groups of samples received four different 
surface preparations before oxidation: 

1. “As-rolled’”’—after annealing in hydrogen as 
described above, samples were swabbed with ben- 
zene and acetone, and dried before weighing. While 
these samples had a bright appearance, electron dif- 
fraction examination showed the presence, in faint 
but sharp pattern, of FesO;. 

2. “Chemically cleaned”—the strip was pickled 
at 90°C for 2 min in an acid mixture made by dis- 
solving one part by volume H.SO, (95%), one part 
of HNO; (70%), and one part of HCl (37%) in 
nine parts of water. It was thoroughly rinsed, dipped 
in a mixture of two parts of H»SO, and one of HNOs, 
and again rinsed thoroughly. Samples were allowed 
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to stand for about 1 hr in sodium cyanide solution 
(5 g/100 ml of solution) to neutralize any residual 
acid and again rinsed thoroughly. Finally, samples 
were rinsed in acetone and allowed to stand in ace- 
tone until used. Electron diffraction examination of 
this surface showed only the pattern corresponding 
to the iron-nickel alloy. 

3. “Sand-blasted’’—the as-rolled and annealed 
strip was sand-blasted with a sand characterized by 
a particle size range (90%) from 0.3 to 0.6 mm 
(diameters). Electron diffraction examination re- 
vealed the patterns for FesO;, and (possibly) Ni and 
Fe. These patterns were faint but sharp. No evi- 
dence of the sand remaining on the surface was seen 
in these patterns although analyses made after 
oxidation warranted the conclusion that the abrasive 
was embedded in the surface. 

4. “Polished’”—the annealed as-rolled strip was 
polished successively with Behr-Manning papers 
#240, *600, and #3/0, swabbed with benzene and 
acetone, and stored in acetone until used. Electron 
diffraction examination of a sample so polished and 
exposed to laboratory air gave the pattern of NiO. 
If the final polishing was carried out under kerosene, 
and if these two polishings were done with 3/0 and 
4/0 paper successively, then only the Ni pattern was 
obtained. 

It was apparent from the preliminary electron 
diffraction examination of the surface that the 
method of preparation affected not only the real 
surface area, but also the actual composition of the 
surface that would be presented to the oxidizing at- 
mosphere. 

Oxidation studies.—Oxidations were carried out 
in a resistance wire-wound furnace with a static air 
atmosphere. In most of the experiments, the small 
panels were placed directly on a nichrome hook which 
was attached to a pedestal in the hot zone. Thus, 
it was only required to bring the thin metal strip 
itself up to temperature. Oxidized samples were 
cooled in a desiccator before weighing. Hand polished 
samples blistered upon oxidation for times longer 
than a few minutes. These samples were weighed, 
oxidized, and transferred in crucibles. 

Oxidation tests, with samples of the four surface 
preparations described above, were made at 600°, 
700°, 800°, and 900°C for various time intervals up 
to 60 min. The temperature was controlled to 
+2°C. Duplicate determinations were made, and, 
if the precision was poor, further checks. 

Chemical analyses. —Oxide layers developed on the 
alloy by the various treatments were stripped from 
the metal substrate. The method used involved prefe- 
rential solution of the metal in a bromine-methyl 
acetate solvent. This solvent (6 ml bromine in 30 
ml methyl acetate) has been used for the isolation of 
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inclusions in various ferrous alloys (4). Residues were 
filtered off, washed with methyl acetate, dried, and 
weighed. These were dissolved in 6N H.SO, or 6N 
HCl. ‘ 

The composition of the resultant solutions was 
determined spectrophotometrically, the nickel in 
the form of the dimethyl glyoxime complex and the 
iron as the orthophenanthroline complex. For each 
analysis the scale was removed and weighed, the 
iron and nickel separately determined, and the 
percentage of nickel of total metal analyzed calcu- 
lated. 

Electron diffraction examination of films.—Elec- 
tron diffraction analyses by the reflection technique 
were made with a General Electric electron diffrac- 
tion instrument. An accelerating voltage of 45kv 
and a filament current of 30-40 wa was used. The 
exposure varied, being of a duration of as high as 
30 sec for certain samples. At least four patterns 
were obtained for each sample. 

Metallographic examination of films.—Several 
representative oxidized metal strips were examined 
metallographically by standard techniques. For 
mounting several samples a resin (Selectron 5003, 
manufactured by the Pittsburgh Plate Glass Com- 
pany) which polymerized at low temperature— 
about 45°C—was employed to preserve the fragile 
film. In addition, a few samples were studied by the 
taper section technique (5) which allows the inter- 
face to be magnified by a factor of 10X the normal 
magnification. 

Treatment of data.—Examination of oxidation 
data indicated that the reaction could be represented 
mathematically by a parabolic equation as 


(Am)? = b + kept (1) 


where, m = the gain in weight in g/cm? of a sample 
oxidized for ¢ seconds; k, is the parabolic rate con- 
stant expressed in g*em@‘sec™!; 6 is a constant 

The temperature dependence of the reaction was 
represented by the Arrhenius-type equation 


kp = Ae~Q/RT (IT) 


wherein A is a constant (sometimes called the action 
constant) and Q is another constant (called the 
activation energy). The activation energy and ac- 
tion constant were determined for each of the four 
surface preparations and compared with literature 
values for the oxidation of nickel and iron. 


RESULTS 
Kinetics of Reaction 


Considering the fact that the plot of the data 
follows the well-known parabolic relation, it is not 
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TABLE I. Parameters of parabolic equation expressing 
kinetic data 


Temp, °C kp (g*cm™sec™) (10!) (g*em™*) 
**As-rolled’’ surface 

600 1.30 0.00 

700 14.7 0.00 

800 113 0.00 

900 870 0.00 

‘“Sand-blasted”’ surface 

600 20.7 0.0115 

700 135 0.044 

800 603 0.110 

900 2430 0.040 

**Polished”’ surface 

600 22.5 0.010 

700 148 0.025 

800 361 0.13 

900 933 0.16 

“Chemically-cleaned”’ surface 

600 0.95 0.00032 

700 7.90 0.0038 

800 45.3 0.030 

900 367 0.00 
-8.0 T T T T T 

Ne TEMPERATURE DEPENDENCE —| 
“9.0 
Log k 


-10.0 


-.0 


Fic. 1. Temperature dependence of the oxidation rate 
of the 42% nickel-iron alloy. A = sand-blasted surface; 
B = polished surface; C = as-rolled surface; D = chemi- 
eally cleaned surface. 


necessary to give these graphs. The equations may 
be constructed if the values of k, and b are known. 
These are given in Table I. 

The temperature dependence of the reaction may 
be concisely shown if log k, is plotted against 1/7’. 
This plot is made in Fig. 1. From this the constants 
in equation (II) were calculated and are given in 


Table II. 


August 1955 


The value of k, may be taken as a quantitative 
measure of the oxidation rate. As evidenced in 
Table I, the oxidation rate of the iron-nickel alloy 
varies considerably in a manner difficult to explain 
by the expected surface area relationships. The 
“chemically cleaned’? sample has the lowest rate. 
Ratios of the other rates to that of the rate of the 
“chemically cleaned”’ surface taken as unity are: 


Chemically cleaned As-rolled Sand-blasted 


1 2 7-22 ° 


Polished 
2.5-24 


The as-rolled surface oxidizes at a rate about 
double that of the chemically cleaned surface and 
this is fairly consistent varying from 1.4 to 2.5 over 
the temperature range investigated. However, 
from a surface area relationship, one would expect 
the opposite to hold because it is known that an 
etched surface has a much greater surface area than 
a rolled surface. Electron diffraction examination 
revealed that the as-rolled, bright, annealed surface, 
after exposure to laboratory air, was oxidized, yield- 
ing Fe.O; as a reaction product. There was also a 
small amount of Fe in the surface which may, in 
itself, account for the greater rate. The sand- 
blasted surface oxidized at a much greater rate than 
the chemically cleaned surface, but the ratios be- 
tween the two rates varied with temperature. At 
600°C the ratio of rates was 22 to 1, while at 900°C 
it was 7 to 1. The increase in surface area may only 
account for part of this increase, for on this basis, 
one would expect the factor to remain about the 
same over the whole temperature range. Some of the 
sand used in abrading the steel, while not found by 
the electron diffraction examination of the surface 
prior to oxidation, was found in the oxide films by 
chemical analysis. It appears likely that the reason 
that the factor dropped with temperature may well 
be explained by the final disposition of the abrasive 
material. Oxidation mtasurements made with pol- 
ished surfaces lacked precision. At 600° and 700° 
the rates were similar to those obtained with the 
sand-blasted surface, but at 800° and 900° the rates 
are considerably lower. 

Because of the erratic nature of the results ob- 
tained with polished surfaces, the A and Q values in 


TABLE II. Temperature dependence of reaction 


Surface 
| 44,200 
“Sand-blasted’’. | 0.00276 | 32,600 
**Polished”’. 7.0 X 10-5(?) | 25,300(?) 
“Chemically 

cleaned”’ 0.0124 | 40,800 
.-| 0.37 | 33,000 (6) 


Nickel. . 


0.013-0.151 | 41,200-46,500(7, 8) 
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the temperature dependence equation for the reac- 
tion are reported as questionable in Table II. 

From these results, it is very clear that not only 
time and temperature but also surface preparation 
must be exactly prescribed if one is to get a reproduc- 
ible oxide layer. 


Chemical Analyses 


Representative results of chemical analyses made 
on oxide films stripped from samples which were 
oxidized after chemical cleaning are given as follows. 


Oxidation temp, .°C Time, min Weight gain, mg/cm? % Ni 
600 5.0 0.0465 31.2 
800 1.0 0.112 31.8 
800 10.0 0.392 17.1 


The per cent Ni reported is from a total weight of 
iron plus nickel found in the film. It is apparent 
that the first formed film is rich in nickel. 
Further stripping and analyses were made with 
samples that had been sand-blasted before oxidation. 


Oxidation temp, °C Time, min Weight gain, mg/cm? % Ni 
800 0.5 0.209 13.3 
700 10 0.392 6.3 
800 30 1.05 5.6 


These three tests were taken as representative of 15 
analyses. Here, too, there is a greater percentage 
of nickel in the thin films. The nickel content de- 
creases as the film grows and reaches a fairly con- 
stant value of 5-6 % of the metal content in the film. 
However, the gradation is considerably less marked 
than in the films developed on chemically cleaned 
alloys. Considering that the 5-6% represents an 
average value for the film which is high in nickel 
near the metal-oxide interface, it is evident that 
nickel is either present in low concentration or 
absent from these layers removed from the inter- 
face. Strippings were carried out in a quantitative 
manner and it was observed that there was present 
a fair amount of acid-insoluble material, identified 
as the sand (quartz) with which the samples had 
been abraded. This sand has been embedded in the 
metal, but was so located beneath the surface that 
it had not been observed in the preliminary electron 
diffraction examination of these sand-blasted sam- 
ples. 


Electron Diffraction Analyses 


In considering the results of the electron diffraction 
experiments, certain observations should be borne 
in mind. The formation of nickel ferrite (NiFe.O,) 
or iron ferrite (Fe;04) seems possible. These ferrites 
crystallize in the spinel (face-centered cubic) form 
and have similar lattice constants, i.e., NiFe.O, has 
an a = 8.34 and Fe;O, an a = 8.37. The electron 
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TABLE III. Electron diffraction analyses of oxide films, 


surfaces chemically cleaned before oxidation 


Temper- Ties Weight gained | 

| oxidized, | Patterns found 
°C min mg cm? | 
600 3 0.0078 Fe.O;, ferrite 
600 | 5 | 0.0194 Fe.O;, ferrite 
600 | 40 0.284 } Fe.O;, ferrite, Ni(?) 
700 7 0.0621 | FesOs, NiO, Ni 
700 30 | 0.135 | Fe.O;, ferrite, Ni 
700 1 0.0078 Fe.Os;, ferrite 
800 0.5 0.0155 | Fe.O;, ferrite 
800 3 


0.135 


Fe.QO;, ferrite, Ni 


TABLE IV. Electron diffraction analyses of oxide films, 
surfaces sand blasted before oxidation 


Temper- Time Weight gained 

oxidized, Patterns found 
mg/cm? 
600 20 0.213 | Fe.O;, Fe, NiO 
700 (2.5 0.209 Fe.O;, ferrite 
700 0.392 | Fe.O,, ferrite, Fe, Ni 
700 60 | 0.695 | Fe.Os, ferrite, quartz 
800 0.5 0.213 | Fe.Os;, ferrite, quartz 
800 20 | 0.913 | Fe.Os;, ferrite, quartz 
800 | 30 | 1.19 | Fe.Os;, ferrite, quartz 
900 40 | 2.49 | FeO, ferrite, quartz 


diffraction reflection method of determining lattice 
constants is not sufficiently accurate to differentiate 
between these two structures although, as discussed 
below, one may speculate on the existence of one 
structure or the other if several lines of evidence are 
available. Below, the term “ferrite”? includes both 
structures. 

In the following descriptions the constituent re- 
ported first was present with certainty. Other con- 
stituents for which there was evidence are also re- 
ported. The depth of penetration of the electron 
beam (200-300 A) is such that, in a thick oxide layer 
of duplex structure, the outer layer would give the 
most pronounced pattern even though it might well 
be present in lesser amount. The first series analyzed 
reported in Table III had been chemically cleaned 
before oxidation. A second series was run with 
samples that had been sand-blasted prior to oxida- 
tion. The observations are reported in Table IV. 

The main products of oxidation, viewed after the 
samples cooled to room temperature, were FeO; 
and ferrite. In the thin films on the chemically 
cleaned samples these were the only compounds 
found. However, Ni was found when the films had 
increased in thickness. The sand-blasting technique 
used in preparing the second series of samples 
allowed quartz to be found in the films. Generally 
speaking, the products were Fe,O; and ferrite. 


3 
e 
y 
n 
ae 
By 
4 
t 
t 
4 
n 
“pe 
n 
a 
n 
n 
By 
t 
C 
1e 
ie 
y 
n 
‘e 
1e 
)- 
in 
east 
) 
) 
j 


444 JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


A further sample was taken as-rolled and oxi- 
dized: 


Oxidation Oxidation Weight gained, 
temp, °C time, min mg/cm? Patterns 
700 40 0.194 Ferrite, FeO; (both 
distorted) 


From the electron diffraction study, it may be 
concluded that alpha-Fe.O; and a ferrite are con- 
sistently obtained upon oxidation of this alloy. 

Metallographic examination of films.—The micro- 
scopic examination of the oxidized alloy strips (Fig. 
2 and 3) demonstrate that two phases are present 
in stratified layers. The layer closest to the alloy is 
identified as the ferrite, while the lighter phase 
further removed from the alloy is alpha-Fe.Qs. 
The taper section mount made of an oxidized sand- 
blasted surface accentuates the two-phase character 
of the film. This high magnification gives ample 
evidence of the high probability of entrapping metal 
in stripping the oxide film. 

Some internal oxidation was seen in all of the 
metallographic sections at high magnification. 
However, the amount was not believed to be an 
important factor in the kinetics. The photomicro- 
graphs exhibited are of sand-blasted surfaces. The 
other surfaces appeared to oxidize in a manner that 
gave slightly more uniform layers but there was no 
qualitative difference in the oxide layers formed. In 
the very thin films the major portion of the oxide 
was ferrite. When cracking occurred within the film, 
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Fig. 2. Oxide film on iron-nickel alloy prepared by sand 
blasting. Oxidized for 60 min at 700°C. 2000 before re- 
duction for publication. 
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Fig. 3. Oxide film on iron-nickel alloy prepared by sand 
blasting. Oxidized for 60 min at 700°C. Magnification in 
vertical direction, 15,000, in horizontal direction, 1500X, 
before reduction for publication. 
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it did so in the ferrite phase indicating that that 
phase was in a stressed condition. 


DISCUSSION 


Electron diffraction analyses of these films made 
after cooling from the reaction temperature yielded 
evidence for both a ferrite and Fe.O;. Thermody- 
namically, FesO; is stable at these temperatures (9). 
Gulbransen and Hickman (10) found that, as the 
oxide film which was grown on iron increased in 
thickness, the compound alpha-Fe,O; was stable 
at higher and higher temperatures. 

It is postulated that the ferrite is NiFesO, rather 
than Fe;O,. Ni in high concentration was found by 
chemical analyses of the stripped film. Also, cal- 
culation from many samples indicates a lattice 


constant a = 8.33 A. Although literature values: 


for NiFe.O, are 8.34 A and for Fe;Q,, 8.37-8.40 A, 
Hickman and Gulbransen (3) report 8.42-8.43 A 
for Fes;O, when this compound is grown on an iron 
surface during oxidation. The a value from the 
authors’ experiments agrees well with that reported 
by Koh and Caugherty (8.36 A) but not with that 
of Hickman and Gulbransen (8.43 A). There is no 
obvious explanation for these different structures 
other than the limited accuracy of the experimental 
technique. 

The rate-controlling factor in this reaction is 
diffusion through this nickel ferrite layer. In cases 
where the reaction rate is low, a high concentration 
of nickel was found in the film next to the basis 
metal. Diffusion rates in spinels have been observed 
to be lower than in the parent oxide (11). Also, 
Quarrell has indicated that spinels stabilized with 
Ni or Cr are more protective than Fe;0, (12). The 
existence of a continuous series of spinels with 
gradations of nickel content is in accord with what 
is known of the chemical composition of these com- 
pounds as Nit+* or Fe** can exist in substitutional 
solid solution in a spinel whose nominal formula is 
NiO- Fe.Os. 

The sand-blasting preparation appears to hinder 
formation of a ferrite as rich in nickel as that formed 
on the chemically clean surface. The early nucleation 
of NiFesO, may be adversely influenced by the dis- 
torted structure, the presence of Fe.O;, or the pres- 
ence of the quartz. 

Results with a polished surface were lacking in 
precision. The calculated activation energy is not 
believed to be significant, insofar as a particular 
mechanism is concerned. Rather, it appears that at 
low temperatures a mechanism similar to that of the 
sand-blasted surface appears to be followed while 
at higher temperature that of the as-rolled surface. 

Thus, it may be concluded that the method of 
surface preparation influences the composition of 
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the oxide formed and consequently has a major 
bearing on the rate of oxidation. Quarrell observed 
that either FeO; or Fe;O,4 could be formed by heat- 
ing iron at 400°C depending on the type of abrasive 
(13). The favoring of the nucleation and growth of 
one oxide over another appears to be parallel with 
the case described here. 
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High Temperature Corrosion Rates of Several Metals 
with Nitric Oxide’ 


Mitton Farper,? AtFreD J. DARNELL, AND DonaLp M. EHRENBERG 


Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 


ABSTRACT 


An experimental study has been made of the high temperature corrosion rates of 
various metal filaments with nitric oxide. Corrosion rates have been determined for iron, 
tantalum, tungsten, molybdenum, nickel, copper, silver, and the alloys Inconel,’ and 
stainless steel. The temperature range included temperatures from 800° to 2000°K. The 


metals in order of decreasing corrosion resistance are Inconel, 


25-20 stainless steel, 


molybdenum, nickel, tantalum, 18-8 stainless steel, tungsten, iron, and copper. 


INTRODUCTION 


Concerning reactions of metals with NO, some 
previous work of a qualitative nature has been re- 
ported. Adhikary (1) found that gold, silver, and 
iron were oxidized at temperatures above 650°K 
when NO and H, were passed over the heated metal. 
The NO was reduced to NH;. Schréder and Tam- 
man (2) studied the reactions of NO on various 
metals over a wide range of pressures and tempera- 
tures. They measured the thickness of the oxide 
coating on metal foils and found that the oxidation 
of copper with NO began at temperatures above 
100°C. Also, they found that the corrosion rate was 
similar to that of Cu and O,; however, upon increas- 
ing the pressure the reaction rate began to decrease. 
Reaction rates of iron in NO at temperatures of 600° 
to 700°K were observed by Schréder and Tamman 
to be similar to those of Fe and O,. They found that, 
when Ni was subjected to NO at temperatures from 
800°-1000°K, initially an impermeable film was 
formed which later became porous, and the reaction 
rate was accelerated. DeVoogd and Tadema (3) 
studied the resistance of different metals in flue 
gases containing NO. 

Wise and Frech (4) made a study of the decompo- 
sition of NO in a quartz vessel over a wide tempera- 
ture range. They obtained two expressions for the 
specific reaction-rate constant for this process. At 
temperatures above 1500°K a homogeneous mech- 
anism prevails which has an activation energy of 


‘Manuscript received September 17, 1954. This paper 
presents the results of one phase of research carried out at 
the Jet Propulsion Laboratory under Contract No. DA- 
04-495-Ord 18, sponsored by the Department of the Army, 
Ordnance Corps. 

? Present address: Aerojet-General Corporation, Azusa, 
California. 

* Present address: General Petroleum Corporation, Los 
Angeles, California. 

‘ Inconel is registered trade mark of the International 
Nickel Company. 
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78.2 keal, whereas below 1000°K a heterogeneous 
mechanism applies which has an activation energy 
of 21.4 keal. At temperatures between 1000° and 
1500°K both heterogeneous and homogeneous mech- 
anisms contribute to the decomposition rate of NO. 
It is interesting to note that, since the corrosion 
mechanism is heterogeneous, it would be expected 
that only the lower activation energy would be sig- 
nificant. This lower value is consistent with the ob- 
servation that in all but one reaction (see Ta-NO 
under Results) the observed activation energies 
were less than 78 kcal/mole. 

In studying the reaction of a metal with NO it is 
necessary to consider the surface of the metal and 
its temperature and to know whether the gas is 
reacting in its pure state or in a decomposed form. 
The gas-metal reaction involved is the formation of 
an oxide, nitride, or both. 


XM + Y/20, = MxO, 
XM + Y/2N2 = MxNy 


Heat liberated upon the formation of the metal 
oxides from the elements varies from 7 kcal/mole 
for AgeO to 500 kcal/mole for TasO;. Thus, a con- 
sideration of the ‘heat of formation of the metal 
oxide (or nitride) with thermal data for decom- 
position may aid in interpreting a particular mech- 
anism. 


EXPERIMENTAL PROCEDURE 


The authors have previously employed this 
method for measuring the corrosion rates of various 
metals with HS and SO, (5) and only a brief de- 
scription of the apparatus will be given here. Garner, 
Gray, and Stone (6) studied the reaction rate of 
copper with oxygen by measuring the increase in 
resistance of a copper film which was plated on the 
walls of a glass bulb. Wilson (7) and Hudson (8) 
studied corrosion rates by measuring the change in 
electrical conductivity of flat metal strips. The 
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Plow thaeram of Corrosion Apparatus 


Fic. 1. Flow diagram of corrosion apparatus 


method employed here and described in detail 
earlier (5) is concerned with the measurement of 
the change in resistance of a metal filament (hot 
wire) of 0.010 in. diameter in a corrosive medium. 
Since the corrosion rate is obtained directly from the 
resistance change, a recording mechanism is neces- 
sary to indicate the current and voltage across the 
filaments. Fig. 1 describes the arrangement of the 
equipment used to conduct corrosion rate experi- 
ments. 

An exhaust manifold connected directly to a 
vacuum pump is used to evacuate the reaction bulb 
which is mounted in a light-tight box. The vacuum 
is measured by means of a McLeod gauge. The bulb 
is filled to atmospheric pressure with an inert carrier 
gas from the gas manifold, shown in Fig. 1, to which 
steady flow rates (as measured with rotameters) are 
maintained by use of a series of needle valves before 
and after the flowmeters. These rates are of the 
order of 100 cc/min of gas. The incoming inert gas 
(argon or Nz») is passed through an electrically heated 
tube filled with copper turnings to remove traces of 
oxygen impurities that may be present in the com- 
mercially purchased gas cylinders. After the bulb 
has been filled to atmospheric pressure, the filament 
is heated electrically to the desired temperature. 
The temperature is maintained by adjusting the re- 
sistance controls with the aid of either a photo- 
electric or an optical pyrometer, calibrated with the 
use of standard resistance data for tungsten fila- 
ments. The operation of the photoelectric pyrometer 
and the equations involved were given in detail 
earlier (5). 

The corroding gas is metered through a separate 
rotameter into a manifold (from 1-10% of the total 
gas), together with the carrier, where mixing occurs 
for a period varying from 30 to 100 sec before the 
mixture enters the bulb. As the reaction takes place, 
the current and voltage are recorded simultaneously. 
Temperature is maintained by holding the response 
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ratio of the two photocells constant or by means of 
an optical pyrometer. The duration of most runs 
was 220 or 240 sec. All plots of A/A° vs. time (sec) 
were nearly linear (not shown), and the values of k 
in Table I are the slopes of these lines. 

In order to obtain uniform corrosion of the wire, 
it is necessary to use filaments which have been ac- 
curately machine-drawn. Thus, hot spots can be 
eliminated, and consistent burnout times obtained, 
justifying the resistance method for measuring cor- 
rosion rates. 


THEORY 


The corrosion rate is diréctly proportional to the 
resistance change since resistance RF is a function of 
the length and diameter of the filament 


R= pl/A 


where p = resistivity of wire, 1 = length of wire, 
and A = cross-sectional area of wire. 

Since the specific resistivity p is a function of 
temperature only, for a constant length filament the 
rate of change of resistance with time at constant 
temperature is proportional to the rate of change of 
area. If R, is the initial resistance and RF is the re- 
sistance after time ¢, then 


R./R = 


or 


which leads to 
AR/R = —AA/A, 


Three different rate laws have been proposed for 
corrosion processes: the parabolic rate law of Pilling 
and Bedworth (9) and the rectilinear and logarithmic 
rate laws (10, 11). For a cylindrical wire of initial 
cross-sectional area A, and radius r,, the thickness 
of the film dy for initial corrosion would be propor- 
tional to the decrease in radius r of the wire with 
time /, as shown in Fig. 2. 

In order to obtain an expression for the parabolic 
rate law for cylindrical wires it is necessary to set 
up the rate law in differential form for the wire. For 
an initial radius of r, the parabolic rate law in 
differential form is 


—dr/dt = k/(r. — 1) 
which integrates to 
— + = Qkt 
and in terms of the cross-sectional area becomes 


Qakt 
4 


A/A, = 
1/A 


(parabolic rate law) 
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TABLE I. Initial corrosion rates for several metals 


nitric oxide 


Gas mixture: 95% Argon and 5% NO 


with 


Metal x) 
Iron 970 
1040 
1100 
1154 
1167 
1176 
1187 
1204 
Tantalum 1468 
1500 
1516 
1532 
1637 
1730 
Tungsten 1381 
1431 
1454 
1525 
1548 
1602 
1636 
1676 
1767 
1825 
1893 
Molybdenum 1429 
1445 
1455 
1467 
1493 
1571 
1584 
1637 
1699 
1723 
1774 
1808 
1842 
Nickel 1093 
1104 
1123 
1154 
1189 
1212 
1239 
1255 
1288 
1297 
1308 
1333 
1355 
1383 
1415 
1464 
1474 
1520 
1536 
1593 
1649 
1651 


(% area loss/sec) 


0.0165 
0.0215 
0.0270 
0.0345 
0.0390 
0.0420 
0.0440 
0.0505 
0.0065 
0.0125 
0.0110 
0.0305 
0.0485 
0.0760 
0.010 
0.020 
0.037 
0.070 
0.096 
0.085 
0.110 
0.100 
0.120 
0.170 
0.170 
0.0036 
0.0076 
0.0031 
0.0075 
0.0086 
0.0306 
0.0214 
0.0347 
0.0443 
0.0461 
0.0880 
0.132 
0.132 
0.00134 
0.00267 
0.00467 
0.00800 
0.0153 
0.0107 
0.0260 
0.0167 
0.0260 
0.0180 
0.0305 
0.0387 
0.0120 
0.0153 
0.0153 
0.0093 
0.0073 
0.0147 
0.0067 
0.0060 
0.0053 
0.0060 


TABLE 1.—Continued 


Metal ck) (% area 

Copper 1113 0.0250 
1113 0.0255 
1160 0.0300 
1167 0.0280 
1208 0.0340 
1209 0.0370 
1247 0.0380 
1251 0.0400 
1271 0.0430 

Stainless steel 25-20 1538 0.001 
1558 0.002 

Stainless steel 18-8 1453 0.016 
1503 0.023 

dy 


Fig. 2. Cross-sectional diagram of corrosion film on a 
wire. 


Since the formation of oxide film is directly related 
to the loss in diameter of a cylindrical wire, the 
rectilinear rate law can be expressed in terms of 
diminishing radius as 

—dr/dt =k 


which integrates to 


— 


ro—-r=kt 
and in terms of cross-sectional area becomes 
A/A, = 1 — kt + 
(rectilinear rate law) 


The equation for the logarithmic rate law can be 
expressed for cylindrical wires as 


—dr/dt = 


which upon integrating and expressing in logarithmic 
form yields 


(ro — r) = In(1 + kt) 


This expression in terms of the cross-sectional area 
becomes 


A/A, = 1 — 2(#/A,)' + kt) + + 
(logarithmic rate law) 
The logarithmic rate law can be simplified for 
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initial thin coatings. The values for k are small (less 0.080 
than 0.01 in most cases) and for small values of ¢ ooro| 5% NO AND 95% A , 
the third term can be neglected and the expression = 
simplified to 0.060) 


A/A, — kt 
(logarithmic rate law for thin coatings) 


The results obtained for the metals studied (see 
Results) show that the initial rate of corrosion was 
nearly always linear with time as 


—dA/A, = k/100 dt 


where k is expressed as per cent area change per 
second. This expression in integrated form is 

A/A, = 1 — k/100¢t 

(experimental rate law) 

This expression is similar to the logarithmic rate 
law for thin coatings and also to rectilinear rate law 
for initial corrosion, wherein the third term is small 
compared to the second. 

If the logarithm of the reaction rate is plotted 
against the reciprocal of the absolute temperature, 
an equation of the Arrhenius-type generally occurs, 
which when expressed in logarithmic form is 


In rate = Ina — E/RT 


where E is the activation energy for the over-all 
process and a is the frequency factor. Both a and E 
are usually constant over a small temperature range. 
From this, it can be seen that a plot of In rate vs. 
1/T yields a straight line. 

During the corrosion period a film is formed on the 
surface of the pure metal. The conductivity of the 
oxide coating is negligible compared with that of 
the pure metal. Veil (12) measured the resistivity of 
various oxides at high temperatures. He found for 
CuO at 1000°C a resistivity of 3 K 10-' ohm cm 
which compares to the resistivity of Cu of 9 X 10-® 
ohm cm at 1000°C. The resistivity of FeO; at 1000°C 
was found to be 82 ohm em as compared to 50 X 
10-* ohm cm. The resistivity of NiO at 1000°C is 
144 ohm cm which compares to 62 X 10~* ohm em 
at 1000°C for pure Ni. The above examples show 
that conductivities of metal oxides are negligible to 
those of the pure metals. 

The effect of the solubility of the gases on the re- 
sistance of the metal filaments investigated was 
negligible since there was no discernible change in 
their resistance at temperatures just below the point 
of corrosion. However, it was not possible to study 
the corrosion rates of metals such as zirconium or 
titanium because the solubility of oxygen and 
nitrogen changed their resistivities to such an extent 
that the change in resistance due to corrosion could 
not be measured. 


0.050 \, 
2! kcal/mole 
0.040 


0.030) 


0 0207——_ 


9 kcal/mole 


CORROSION RATE (% oreo loss/sec) 


N 


80 85 90 95 100 10.5 
x 10° 


Fig. 3. Corrosion rate of Fe with NO as function of 
1/T. 


RESULTS 

Corrosion rates of tron with NO.—Corrosion rates 
of iron in an atmosphere of NO (5%) and A (95%) 
and at a constant gas flow rate of 100 cc/min were 
studied over a temperature range of 970° to 1200°K. 
The iron employed was Armco’ iron of better than 
99% purity. 

Corrosion of iron in nitric oxide is quite rapid at 
all temperatures. Rate constants vary from 0.016 
to 0.050 (% area loss/sec) over the range studied 
(ef. Table 1). The temperature dependence of the 
rate tends to increase at temperatures over 1100°K. 
When the logarithm of the rate constant is plotted 
against the reciprocal of the absolute temperature, 
two activation energies are obtained over the 
temperature range studied, namely 9 kcal/mole 
from 970° to 1140°K and 21 keal/mole from 1140° 
to 1200°K (cf. Fig. 3). The scale formed consisted 
entirely of various oxides of iron. 

Corrosion rates of tantalum with NO.—Tantalum 
is much more resistant to corrosion with NO than 
is iron and shows very little corrosion in the low 
temperature range. The reaction rate at tempera- 
tures below 1400°K could not be detected. There- 
fore, it was necessary to obtain corrosion rate data 
in the range from 1450° to 1730°K. The increase in 
reaction rate with temperature was very rapid be- 
tween 1470° and 1550°K. 

Corrosion of tantalum with NO, together with 
that of several of the other metals including iron, 
gives two curves of apparent activation energy over 


5 Armco is registered trade mark of American Rolling 
Mill Company. 
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Fig. 4. Corrosion rate of Ta with NO as function of 1/T 
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" Fia. 5. Corrosion rate of W with NO as function of 1/T 


the temperature range studied. In the lower tempera- 
ture region (cf. Fig. 4) an activation energy of 100 
keal/mole is obtained, whereas the higher range 
gives an activation energy of 25 kcal/mole. Rate 
constants vary from 0.006 (% area loss/sec) at 
1470°K to 0.076 at 1730°K (cf. Table I). 

Corrosion rates of tungsten with NO.—The reaction 
rate of W with NO depends mainly on the avail- 
ability of molecular or atomic oxygen from the 
decomposition of NO. In order to ascertain the de- 
pendence of oxygen concentration on the corrosion 
rates of W, an experimental study was made with 
both NO and O,. In both cases the gas mixture con- 
tained 95% A as the inert gas and 5% of either O 
or NO as the corroding gas. 


molybdenum with oxygen 
Gas mixture: 95% Argon and 5% oxygen 


Metal CK) | (% ‘sec) 
Tungsten 1209 0.040 
1343 0.065 
1468 0.110 
1522 0.120 
Molybdenum 1209 0.046 
1333 0.062 
1406 0.101 
1506 0.138 
1605 0.145 


Corrosion rates of W with NO were taken over a 
temperature range of 1380° to 1890°K, and the 
rates with O, over the temperature range of 1200° 
to 1520°K. As can be seen from Fig. 5, the NO 
corrosion rates vary greatly with temperature in the 
region from 1300° to 1400°K, namely, from 0.01 to 
0.07 (% area loss/sec). Corrosion rates increase 
rather slowly with temperature from 1400° to 
1750°K, namely, from 0.07 to 0.18 (% area loss/sec). 

A higher corrosion rate would be expected with 
O» since, as postulated, the rate of corrosion of W 
depends upon the dissociation of NO for availability 
of O.. The corrosion rate of W with O, increases uni- 
formly with temperature from 0.04 (% area loss/ 
sec) at 1150°K to 0.12 at 1525°K. 

The apparent activation energies as obtained 
from Fig. 6 are 13.8 keal/mole for O. as compared 
to 14.7 keal/mole for NO (ef. Fig. 5) at the higher 
temperatures. The fact that these energies are 
nearly equal indicates that the rate of dissociation 
of NO in this temperature range is not rate-deter- 
mining in the corrosion process. In the low tempera- 
ture range the apparent activation energy for NO 
is 55 keal/mole. The rate constants for the reaction 
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Fig. 8. Corrosion rate of Ni with NO as function of 1/7 


rates of W and NO and O, are given in Tables I 
and II, respectively. 

Corrosion rates of molybdenum with NO.—Molyb- 
denum is quite resistant to corrosion in NO at 
temperatures below 1400°K but reacts quite readily 
at higher temperatures. Corrosion rates for Mo were 
obtained over a temperature range of 1400° to 
1850°K. Rate constants (cf. Table I) vary from 
0.0036 to 0.132 (% area loss/sec) over the tempera- 
ture range studied, the activation energy being 43 
kcal/mole as shown in Fig. 7. As in the case of 
tungsten, reaction rates of Mo were obtained with 
both O, and NO; corrosion of Mo with O, (95% 


Fig. 9. Corrosion rate of Cu with NO as function of 1/7 
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Fig. 11. Corrosion rates of several metals with NO at 
1450°K. 


A-5% O2) was more rapid for a given temperature 
than was the rate with NO. An apparent activation 
energy shown in Fig. 7 gives a value of 14.0 kcal/ 
mole for O. over the temperature range of 1220° to 
1600°K. Gulbransen and Wysong (13) have obtained 
an activation energy of 36.5 kcal/mole for Mo in 
7.6 cm of OQ, over a lower temperature range of 
620° to 820°K. 

Corrosion rates of nickel with NO.—Reaction rates 
of Ni with NO were studied over the temperature 
range of 1100° to 1650°K. Rates increase steadily 
until a temperature of 1200°K is attained. Above 
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1200°K the rate starts to decrease from a peak of 
0.025 (% area loss/sec) to 0.005 at 1650°K. The 
rate-determining step is presumably the formation 
of NiO which forms a protective coating over the 
Ni. Upon plotting the logarithm of the rate vs. the 
reciprocal of the absolute temperature (cf. Fig. 8), 
a considerable amount of scatter was obtained in 
the region because of the oxide transition region. 
Experimental rate constants vary from 0.002 to 
0.030 (% area loss/sec) and are listed as functions 
of temperature in Table I. 

Two oxides of Ni are known to exist, namely, 
NixO; and NiO. Since at high temperatures the 
Ni,O; decomposes to the lower oxide, it was believed 
that the corrosion rate could probably be deter- 
mined by the type of oxide formation. Consequently, 
x-ray diffraction patterns were taken in both the 
high and low temperature regions. Oxide samples at 
1100° and 1570°K (at which temperatures the cor- 
rosion rates are the same) were analyzed for crystal 
structure and type of oxide. Both samples showed 
only one type of oxide, namely, NiO; however, the 
low temperature sample consisted of large crystals, 
whereas the high temperature sample had a small 
and compact crystalline structure. 

Corrosion rates of copper with NO.—Reaction 
rates of Cu with NO were measured in an NO gas 
mixture (95% A-5% NO) over a temperature range 
from 1100° to 1275°K. A uniform rate increase was 
obtained, namely, 0.025 to 0.043 (% area loss/sec) 
over the temperature range studied. An examination 
of the oxide formed showed it to be predominantly 
the red cuprous oxide Cu,O0. A plot (ef. Fig. 9) of 
the logarithm of rate against the reciprocal of the 
temperature gave an apparent activation energy of 
9.5 keal/mole. In the temperature range studied, 
only one activation energy and one form of the 
oxide were obtained. Rate constants are given in 
Table I. 

Corrosion rates of silver with NO.—Since the oxide 
of silver is unstable at temperatures over 500°K, no 
corrosion of silver was expected in the temperature 
range studied, 900°-1100°K. This fact was verified 
experimentally. 

Corrosion rates of Inconel and stainless steel with 
NO.—Because of the considerable application of 
various alloys at high temperatures, it was con- 
sidered of interest to obtain the reaction rates of 
Inconel and both 18-8 and 25-20 stainless steel 
with NO. 

At all temperatures below the melting point the 
corrosion rate of Inconel with NO was negligible, 
and no temperature-time curves could be obtained. 
Stainless steel 25-20 (25% chromium-20% nickel) 
was nearly as resistant as Inconel, corroding only 
slightly at 1550°K and above. The rate constant 
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(ef. Table I) at 1538°K was 0.001 (% area loss/sec) 
and at 1558°K had doubled to 0.002. Stainless steel 
(18% chromium-8 % nickel) corroded more readily 
at these temperatures, the rate constant being 0.016 
(% area loss/sec) at 1450°K and 0.023 at 1500°K. 
Corrosion rates of several metals with NO at 1200° 
and 1450°K.—A comparison of the corrosion rates of 
the several metals was made at two temperatures by 
obtaining the temperature-time curves. Fig. 10 shows 
the corrosion rate with NO for silver, tungsten, 
nickel, iron, and copper at 1200°K. As can be seen 
in the figure, silver and tungsten are very resistant 
at this low temperature. Both iron and copper are 
quite readily corroded. At 1450°K (cf. Fig. 11), 


TABLE III. Initial corrosion rates of several metals with 
NO at 1200° and 1450°K 


At 1200°K At 1450°K 
Metal (% area loss/sec) Metal | (% area loss/sec) 
Silver Negligible | Inconel Negligible 
Tungsten 0.0005 Stainless steel 25-20 0.001 
Nickel 0.013 Molybdenum 0.009 
Iron 0.034 Nickel 0.011 
Copper 0.039 Tantalum 0.015 
| Stainless steel 18-8 | 0.017 


| Tungsten 0.097 


TABLE IV. Activation energies for the reaction of several 
metals with O. and NO* 
Gas (pressure = 1 atm) 


5% O2 -95% A 


5% NO-95% A 


(kcal/mole) (kcal/mole) 
Fe — 9.0 | 1.79 
(950°-1150°K) 
-- |. — 21.0 3.40 X 10° 
(1150°-1225°K) 
Ni -- 41.6 5.04 X 105 
(1090°-1220°K) | 
Cu ~ | — 9.5 | 1.84 
| (1100°-1270°K) | 
W 13.8 12.1 60 | 2.95 X 107 
(1200°-1550°K ) (1390°-1510°K) 
— 14.7 | 8.85 
(1510°-1900°K) | 
Mo 14.0 13.3 | 42.5 (1.5 X 10° 
(1220°-1600°K) (1430°-1840°K) | 
Ta ~ 100 4.81 X 10" 
(1470°-1540°K) | 
25 1.09 10 


(1540°-1740°R) | 


* E = activation energy; a = exponential constant; k = 
RT 
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however, tungsten is corroded quite readily, whereas 
the 25-20 stainless steel and Inconel are the most 
resistant to corrosion. 

As is shown in Fig. 10 and 11, the metals in order 
of decreasing corrosion resistance are Inconel, 25-20 
stainless steel, molybdenum, nickel, tantalum, 18-8 
stainless steel, tungsten, iron, and copper. Corrosion- 
rate constants are listed in Table III. The apparent 
activation energies for the several metals and NO 
are listed in Table IV. 


Any discussion of this paper will appear in a Discussion 
Section to be published in the June 1956 JouRNAL. 
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Organic Peroxides as Source of Cations’ 


ANDREW GEMANT 


Engineering Laboratory and Research Department, The Detroit Edison Company, Detroit, Michigan 


ABSTRACT 


This is a continuation of a study on the problem of oxidation in service of electrical 
insulating liquids. Oxidation of such liquids, hydrocarbons by their constitution, is ac- 
companied by increased electrical conductivity. In the present study, ozone was used as 
an agent for accelerated oxidation. It was found that aromatic hydrocarbons in the pres- 
ence of small amounts of aliphatic acids on ozonization produce very high conductivities. 
This finding is significant because both aromatics and aliphatic acids may be present in 
small concentrations in insulating oils. By a detailed study of the effect observed, using 
ultraviolet absorption spectroscopy and measurement of paramagnetic susceptibility, 
among others, an attempt was made to establish the chemical nature of the ions that 


sause the high electrical conductivity. 


PuRPOSE oF 


The following observations on oxidation-ions in 
electrical insulating hydrocarbon liquids have been 
made (1). Oxidation of aromatic orthodiols produces 
ions that are probably semiquinone type compounds. 
Reduction of these ions causes reversion to their 
original nonionic species. Ultraviolet irradiation of 
ortho-alkylated aromatics also produces ions. The 
positive ions are probably oxonium-ions of the 
aldehydes formed. These ions are also partially 
reducible to nonionic molecules. 

This paper describes observations of high electrical 
conductivities, hence ion-concentrations, which 
exceed those reported previously by about three 
orders of magnitude. The chief source of these ions 
appears to be aromatic hydrocarbons. Ozone was 
used as the oxidizing agent since the amount acting 
on the substrate can be controlled easily. 

When ozone oxidizes an aromatic hydrocarbon, 
the increase in electrical conductivity is negligibly 
small. The novel observation made in this study was 
that addition of a small concentration of aliphatic 
acid prior to oxidation with ozone produces high 
electrical conductivities of 10-’ mho/cm or more. 

Whereas the chemical nature of the ions produced 
cannot be stated with certainty, it is possible on the 
basis of the various observations to describe their 
structure in a tentative manner. 


Basic OBSERVATIONS 


Ozonization was carried out by bubbling ozone 
through the solution in a glass container without a 
catalyst. Ozone was produced in a _glass-lined 
corona ozonizer, through which oxygen was passed. 
The field in the ozonizer could be varied, thus 
changing the ozone concentration in the stream. In 

' Manuscript received November 1, 1954. This paper was 


prepared for delivery before the Cincinnati Meeting, May 
1 to 5, 1955. 
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the majority of experiments the field was about 
27 KVimax/em Which corresponds to a corona current 
of about 0.15 ma. The rate of flow of oxygen was 
200 cc/min, and the ozone concentration in it was 
0.25%. 

Of the various hydrocarbons, toluene was found 
most effective in increasing the conductivity, and 
it was used in most of the experiments. Myristic 
acid, generally at 20 mM_/1, was used in the majority 
of experiments. All tests were carried out at room 
temperature. 

Some of the crystalline compounds used in this 
and in previous studies were recrystallized from 
best Eastman products. Usually, no noticeable 
difference in conductivity increases was found be- 
tween the original and purified compounds. 

Fig. 1 shows a typical conductivity effect. After 
an hour the conductivity, ¢, reached a level of about 
5 X 10- mho/em. The solution remained clear 
and had a faint yellow color. 

Fig. 2 shows the increase of conductivity with 
increasing ozonizer field, ie., ozone concentration. 

These high ion concentrations are not permanent, 
indicating that the ions are probably intermediate 
oxidation products. Fig. 3 shows the time behavior 
of conductivity after oxidation. As a rule o stays on 
a high level for about two days (a frequent initial 
increase in the first few hours is not shown), after 
which it drops rather rapidly. In about six days it 
reaches either a moderately high, constant level of 
about 3 xX 10-" (curve 1), or drops even lower 
(curve 3). In a mixture of toluene and transformer 
oil (curve 2) a moderately high level was obtained. 
This may be due to unsaturated compounds in the 
oil competing with toluene for the ozone. 

The instability of o is an indication that the high 
conductivity is not caused by a strongly polar de- 
composition product, for instance, benzaldehyde. 
Moreover, in such a case the dielectric constant 
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should show a marked increase which, however, is 
not observed. Water, as a possible oxidation prod- 
uct, cannot be the cause of the increased con- 
ductivity, since even saturation with water produces 
only small changes in conductivity. Carbon dioxide, 
a possible cleavage product of the peroxides, can- 
not increase the conductivity; in fact, it is some- 
times used as a pressure medium in oil-impregnated 
high voltage cables. 


— 
o 
° 
10 / loge! 
30 60 90 120 26 27 28 29 
min kv/om 
Fic. 1 Fic. 2 


Fig. 1. Electrical conductivity ¢ (mho/em) vs. time of 
oxidation. Myristic acid (20 mM/l) in toluene. Ozonizer 
field 27.3 kv/em. 

Fig. 2. Conductivity vs. ozonizer field. 0.020N myristic 
acid in toluene. Oxidation time 60 min. 
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Fig. 3. Conductivity vs. time passed after oxidation. 
0.02N myristic acid in toluene (curve 1); toluene-trans- 
former oil 1:1 (curve 2); toluene-paraffin oil 1:1 (curve 3). 
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Fig. 4 Fia. 5 
Fic. 4. Decrease in conductivity on reduction in H. 
stream. 0.01N myristic acid in toluene. Oxidation time: 
30 min for curve 1 (left-hand side ordinates), 15 min for 
curve 2 (right-hand side ordinates). 
Fig. 5. Conductivity vs. dilution. 0.02N myristic acid in 
toluene. Oxidation time: 60 min. 


Reduction in hydrogen stream (atmospheric 
pressure, room temperature, platinum-black cata- 
lyst) produced a drop in conductivity, as seen in 
Fig. 4. Hence, it appears that the oxidized ionic 
species can be, at least partly, converted into re- 
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duced, nonionic molecules. Reduction in conduc- 
tivity was in a ratio of about 1:4 in 60 min, inde- 
pendently of the initial level, which was high for 
curve 1, moderately high for curve 2. ; 

It was pointed out in earlier papers (1) that the 
slope of the curve conductivity vs. dilution permits 
differentiation between electrolytic and oxidation- 
ions. In the log-log plot the former approaches 
theoretically a slope of 22.5 degrees, the latter 45 
degrees. Fig. 5 gives a dilution curve over a range 
of four orders of magnitude, the dotted line being a 
45 degree slope. Although the experimental curve 
has not exactly a 45 degree slope, the deviation is 
not excessive, indicating that the ions in this system 
are not the result of electrolytic dissociation of a 
single parent compound. 


AROMATIC HyDROCARBON 


The question arises as to what aromatic hydro- 
carbons produced the effect observed. Table I gives 
the results, relating to several aromatics. An in- 
crease in conductivity is observable in all cases, it 
being the most pronounced in toluene. In order to 
obtain a measurable increase in ¢ in benzene and 
xylenes, it was necessary to increase both the 
ozonizer field and the time. For this reason the 
figures in the last column offer only qualitative 
comparison. 

At the present stage of the study, and with the 
mechanism of ion formation as suggested (see later), 
differences between the various hydrocarbons can- 
not be explained. Such specific influences of side- 
chains are, of course, common in many reactions. 
Methylnaphthalenes, as will be shown in another 
paper, also produce high conductivities, and so the 
observations are valid also for condensed aromatic 
compounds. 

Table II presents comparative results on mono- 
alkyl benzene derivatives, indicating decreasing 
conductivity with increasing complexity of the side 
chain. 


TABLE I. Comparison of various aromatic hydrocarbons; 
0.02N myristic acid; initial conductivity about 
10-3 mho/cm 


| 
| 
| 


28.0 
27.3 
Ethylbenzene... 27.3 
o-Xylene......... | 28.3 
m-Xylene...... | 28.0 
p-Xylene........... 28.0 
29.1 
Mesitylene. . . 28.7 
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TABLE II. Comparison of mono-alkyl benzenes, in solutions 
of 25% by volume in n-decane; 0.02N myristic acid; 
ozonizer current 0.15 ma; oxidation time 60 min ‘ 


Hydrocarbon nd ity, 
n-Propylbenzene........... 528 
n-Butylbenzene............ 191 


tert-Butylbenzene....... 76 


Fic. 6. Conductivity vs. fraction by volume of toluene in 
a mixture of toluene-n-octane. 0.02N myristic acid. Oxida- 
tion time: 30 and 60 min. 


Since the aromatic hydrocarbon is the main 
source of ions, it was of interest to ascertain the 
concentration necessary for a positive effect. It was 
established that aliphatic hydrocarbons as well as 
saturated rings are ineffective, hence they can be 
used as diluents (Fig. 6). The relatively small in- 
crease in o with low concentrations of toluene in 
this instance is caused by its partial evaporation 
during oxidation. In a solvent of lower boiling point 
small concentrations are very effective, as will be 
shown in another paper. Values shown in Fig. 6 are 
not directly transferable to a mixture of an aromatic 
with a viscous hydrocarbon oil. 


ALIPHATIC ACID 


Some experiments were carried out to determine 
whether all aliphatic acids would produce ions to 
the same extent. A number of aliphatic acids of 
varying chain length were tested (Fig. 7). From 
valerie to stearic acid the curve passes through a 
flat maximum at about 12 carbon atoms (lauric 
acid). However, for acids having fewer than five 
carbon atoms (valerie acid) the conductivities drop 
to quite low values. 

Fig. 8 shows that about 10 mM/1 of acid are 
needed; above that value, no further increase in o 
occurs; below that value, the increase in o drops 
sharply. From this it can be seen that about 10 
mM/1! are involved in the reaction. If the same 
amount of toluene is involved in the process, it 
would mean that about | X 10-* mole fraction of 
toluene undergoes oxidation under the conditions 
of the experiment. 

The bottom curve in Fig. 8 refers to a sample of 
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toluene oxidized without the addition of acid. There 
is no significant increase in conductivity, and, if the 
acid is added after the oxidation, no significant in- 
crease of o occurs. Thus, the acid does not react 
with an oxidation, product in a manner as it does 
with amines; it reacts during oxidation with some 
of the intermediates. This latter statement is offered 
as a hypothesis; it is substantiated, among others 
(see later), by the following observation. The per- 
oxide of the aromatic compound usually precipitates 
out because of its limited solubility. If an acid is 


Fia. 7 Fig. 8 
Fic. 7. Conductivity vs. number of C-atoms of aliphatic 
acid (0.02N) in toluene. 
Fic. 8. Conductivity vs. concentration of myristie acid 
in toluene. Bottom curve: addition of acid after oxidation 
without acid. 


TABLE III. Additions other than saturated aliphatic acids 
to toluene, in 0.02N concentration; initial conductivity 
about 10-8 mho/em 


Compound time, | 
30 1.0 
Benzoic acid........... 60 1.0 
Octadecyl acetate....... 60 0.05 
Tripropionin... 30 2.9 
Heptaldehyde. .. 60 0.3 
Hexy] alcohol........... 60 
Cetyl alcohol. 0.1 


Cholesterol..... . 60 4050 


present during oxidation, precipitation is either com- 
pletely absent or markedly reduced. This is ex- 
plainable if it is assumed that the aliphatic acid 
takes part in the reaction. 

In this connection a number of other acids and 
related substances were tested, the result being 
shown in Table III. An unsaturated aliphatic acid, 
oleic acid, is ineffective, as is an aromatic acid, 
benzoic acid. The ineffectiveness of oleic acid may be 
explained by its double bond competing with the 
aromatic for the ozone. Esters, an aldehyde, and 
alcohols are seen to be equally ineffective. A large 
conductivity effect was found with cholesterol. 


ULTRAVIOLET ABSORPTION SPECTRA 


In order to ascertain the possible reaction mecha- 
nism and to find the probable chemical structure of 
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the ions, absorption spectroscopy was used. By this 
means some helpful indication, even if no direct 
evidence, is provided. 

Fig. 9 presents the ultraviolet absorption spectra 
of toluene oxidized by ozone without (curve 1) and 
with (curve 2) the addition of 0.01N myristic acid. 
In order to eliminate the toluene spectrum, the 
water extracts of the organic solutions were used for 
absorption measurements. From the absorption 
measured in a Beckman spectrophotometer the 
average product ec was calculated (« = extinction 
coefficient, ¢ = concentration of compound). Since 
the concentration of the compounds responsible for 
absorption was not known, ec, i.e., its logarithm, was 
plotted vs. the wave length \ in millimicrons. This 
product was calculated from the measured optical 
density, which is equal to ecl (1 = optical path 
length). In curve | two characteristic peaks appear 
at 275 and 215 mu. In curve 2, referring to the 
sample with acid, additional peaks appear at 335 
and 255 mu. 

The basic process on oxidizing aromatics by 
means of ozone, according to the studies of Harries 
(2), is ozonide formation. The ozonides undergo 
cleavage and form diones (3, 4). If diones are 
formed, their spectrum must be present in the 
absorption spectrum of the water extract. Glyoxal 
and methylglyoxal are produced from toluene. As a 
comparison, an aqueous solution of 2, 3 butanedione 
was analyzed, the spectrum being given in curve | 
of Fig. 10. With its two peaks at 280 and 205 mu 
(the latter to be interpreted with caution because 
of possible instrument anomalies), it resembles 
curve | of Fig. 9, which is in all probability due to 
the diones formed from ozonides. 

The next point was to determine the kind of com- 
pound causing the additional peaks in curve 2, Fig. 
9. This point is of particular interest since addi- 
tion of the aliphatic acid leads to the high concen- 
tration of ions. The aliphatic acid itself possesses 
only one absorption peak near 200 my; it does not 


Fic. 9 Fic. 10 

Fic. 9. Extinetion coefficient vs. wave length \ in milli- 
microns. Curve 1, toluene, oxidized by O; for 8 min; Curve 
2, 0.01N myristic acid in toluene, oxidized by O; for 8 
min. 

Fic. 10. Extinction coefficient vs. wave length. Curve 
1, 2-3 butanedione in water; curve 2, salicylaldehyde in 
aleohol (Kiss and Nyiri). 
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contribute essentially to the spectrum. Its presence, 
however, prevents the precipitation of peroxide; the 
solution remains clear, with a faint yellow color. 
The acid probably forms a soluble additién com- 
pound with the ozonide, the carboxyl group be- 
coming attached to the peroxide group which links 
two neighboring carbon atoms of the ring. If this 
conclusion is correct, an aromatic ring with ad- 
jacent carbonyl and hydroxyl groups attached 
ought to be present. A compound approximating 
such a structure is salicylaldehyde which has a 
carbonyl and a hydroxyl in ortho position. The 
spectrum of the latter (5) is shown as curve 2 in 
Fig. 10; it has peaks at 325 and 255 mu. The loca- 
tion of these peaks agrees fairly well with the two 
additional peaks found in curve 2, Fig. 9. Thus, the 
absorption spectra are in agreement with the as- 
sumption of an addition compound formed by the 
aromatic hydrocarbon and the aliphatic acid. This 
compound is thought of as an intermediate product 
which oxidizes further in the course of the reaction. 
A fraction of it might dissociate into an aliphatic 
anion and an oxonium cation such as postulated in 
the previous studies. These ions, being relatively 
stable, might persist for some time, as was ob- 
served. The role of the acid, as here assumed, is 
verified by further experiments discussed in the 
following section. 


TITRATION AND PRECIPITATION OF AcID 


In order to clarify further the role of the aliphatic 
acid, total acidity was measured by titration. 

The role of the aliphatic acid is of considerable 
interest from the standpoint of electrical insulation 
inasmuch as its connection with deterioration of 
oils is known (6). In this particular instance the 
acid is clearly the cause of high electrical conduc- 
tivity due to the formation of oxidation ions. 

Aliphatic acids are generally resistant to oxidation 
and it was therefore not expected that in the course 
of the reaction studied they should form low mo- 
lecular, water-soluble acids. In order to check this, 
titration of toluene-myristic acid samples was 
carried out; the result is presented in Table IV. The 
titration was carried out in alcoholic system, with 


TABLE IV. Titration results in ozone oxidation 


| Oxida- | 


ee tic acid} time, | Original | Oxidizea | Water 
| | solution | solution 
| | 

n-Octane...... + | 30 | 0.019) 0.020} 0.001 
Cyelohexane...... | 30 | 0.019 | 0.020) 0.000 
Toluene............ — | 15 | 0.000} 0.010 | 0.006 
Toluene.......... + | 15 | 0.019) 0.027 | 0.005 
Toluene........... | 30 | 0.000!) 0.031 | 0.026 
Toluene. . | + 30 | 0.020) 0.058 | 0.024 
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alcoholic N/50 KOH as titrating agent and alkali 
blue as indicator. The first two samples, containing 
indifferent solvents with acid, show that the latter 
does not produce additional acidity and, in par- 
ticular, no water-soluble acids are formed. The 
third sample, toluene, yields 10 mM/1| of acid as 
secondary product, a large part of which is water 
soluble. If myristic acid is added prior to oxidation, 
the amount of excess (8 mM/1) and its water-soluble 
fraction are about the same as in the case without 
acid, showing that the latter does not affect the 
reaction as far as production of new acid is con- 
cerned. The last, two samples with excess acid 
concentrations of 31 and 28 mM/I confirm the 
result. 

The assumption of an addition compound formed 
by the aromatic and the acid as a precursor of ions, 
indicated by the absorption spectra, is strengthened 
by two further experiments. 

If the acid forms an addition compound at the 
carboxyl group, then binding the latter prior to 
oxidation should reduce the ionic effect. Amines, by 
forming soluble salts, bind the carboxyl group of 
aliphatic acids. Fig. 11 shows the result of this test. 
The lower curves show that conductivity markedly 
decreases upon the simultaneous addition of tributyl 
amine. There are no significant changes in o on 
adding amine after oxidation since the main action 
of the acid takes place during oxidation. 

If the conclusion that the acid forms an addition 
compound with an aromatic intermediate is correct, 
it should be more difficult to form salts of the ali- 
phatie acid after oxidation than before. A visible 
criterion of salt formation is the precipitation of a 
white crystalline powder after addition of an equiva- 
lent amount of KOH in alcoholic solution. Prior to 
oxidation such visible precipitates were found to 
form. After oxidation, either no precipitate or only 
traces of crystals were formed; sometimes after an 
hour more precipitate was observed. As a control of 
such tests additional acid was dissolved in the 
samples after oxidation, leading to prompt precipi- 
tation with KOH. These data are summarized in 
Table V, and indicate that the acid, as a result of 
the reaction, was not in an entirely free state. While 
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Fig. 11. Conductivity vs. concentration of tributylamine 
during oxidation. Top curve: addition of amine after oxida- 
tion. 
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TABLE V. Precipitation by KOH of the potassium salt of 
aliphatic acid 


| | Precipitate of 
potassium salt 
icohol ——- 
Acid | Normality Gites | during Without| Wi 
| | her | ith 
| precipita further | Gaxther 
} tion addi- | dditi 
| tion of jaddition 
| | acid of acid 
Tridecanoic.......; 0.02 | 15 | 25 
Myristic..........| 0.02 | 10 | 2% - | + 
Palmitic..........| 0.01 | 10 | 10 | — | + 
Stearic............| 0.01 | 15 | 10 


the acid remained in a state to be titrated, precipi- 
tation of the potassium salt was delayed markedly. 
This might be explained on the basis of an acid- 
peroxide addition compound, held together by a loose 
electron pair. In analogy to the case of acid-amine 
compounds previously studied (7), dissociation to a 
small extent into ions (negative aliphatic and posi- 
tive oxonium ions) is a possible result of such 
compound formation. 


PARAMAGNETIC SUSCEPTIBILITY OF 
RADICALS 


Oxidation-ion formation may be preceded by the 
occurrence of free radicals as was indicated in the 
case of orthodiols. Quite generally, radicals are as- 
sumed as intermediates in the cleavage of the 
—O—O— group (8). McLean (9) explains the action 
of inhibitors by their capture of radicals that occur 
under the action of the electrical discharge in dielec- 
trics. In the present instance it is possible that the 
peroxide group in the ozonide cleaves by forming 
two unshared electrons in the aromatic molecule, 
the process being followed by addition of the ali- 
phatic acid. While the majority of organic radicals 
is short-lived, there are others which are more or 
less stable and accessible to paramagnetic measure- 
ments (10). In fact, the paramagnetic technique 
(11), besides other methods, has been used exten- 
sively in the study of free radicals in usual organic 
solvents. Since the concentration of radicals or 
biradicals, if present, must be relatively large, it was 
attempted to detect and measure them by means of 
their paramagnetic susceptibility. This was done 
by the magnetostatic method, as devised by Quincke 
and Gouy (12). This method gives the algebraic 
sum of all the para- and diamagnetic moments 
present, and, as pointed out by Hutchison (13), is 
subject to error on this account. The paramagnetic 
resonance method as used by that author, among 
others, is free of this drawback. Since the total 
diamagnetic susceptibility might increase in the 
course of a reaction, the paramagnetic susceptibility 
as calculated from the static method is the lower 
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limit of a range and may be subject to a correction 
upward. 

The method is based on the principle that a 
solution is attracted or repelled by a static magnetic 
field according to the sign of its susceptibility. All 
organic molecules are diamagnetic, except free 
radicals, the paramagnetic molar susceptibility 
xm of which for one unshared electron is 1300 X 
10-* cgs units. If radicals are produced in the course 
of oxidation, the oxidized sample should show a 
lesser repulsion than the original solution, the dif- 
ference being a measure of the amount of radicals. 

The solution of susceptibility « and density p was 
contained in a U-tube having a narrow and a wide 
leg, the narrow leg being between the poles of an 
electromagnet. In switching on the field H (in 
Gauss), the meniscus level, observed by a micro- 
scope, was lowered by A cm in accordance with the 
relation 


hog = 0.5 «H? 


In this simplified equation g = gravitational con- 
stant. Since « for toluene is 0.63 K 10~* and H was 
approximately 15,000 Gauss, by computation h is 
86 X 10-* em; this value was confirmed by experi- 
ment. After oxidation the change in level was found 
to be somewhat less; the difference between the two 
being Ah. 

If the molar fraction of radicals in toluene is 
denoted by r(r < 1), then the corresponding sus- 
ceptibility is 1300 XK 10-* r. The molar suscepti- 
bility of toluene (molecular weight = 92, density = 
0.87 g/cc) is 92 XK 0.63 K 10-*/0.87 = 66 
and the relative change due to radicals is 1300 X 
10-* r/66 K 10-* = 20 r. From the equation above 
the approximate relation Ah/h = 20 r can be de- 
duced, hence 


r = 0.05 Ah/h 


Fig. 12 shows the test results as a plot of Ah/h vs. 
oxidation time. The precision of these measurements 
is moderate, but the order of magnitude of the 
difference observed was consistent. The crosses 
refer to control measurements made under the same 
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Fig. 12. Relative change in level in paramagnetic meas- 
urements vs. oxidation time. O toluene, 0.02N myristic 
acid, X n-octane. 
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conditions with the exception that the indifferent 
solvent n-octane was used instead of toluene. As 
can be seen, Ah/h was about 0.04 for toluene, and 
zero for n-octane. From the equation above, a 
value of r = 2 X 10-* follows, i.e., about 0.2% 
toluene was present in the form of radicals immedi- 
ately after oxidation. If biradicals are assumed to 
exist, this value would be about 0.1%. This order of 
magnitude is comparable with the 0.1%, previously 
arrived at, as the percentage of toluene involved in 
the reaction. 

As for the cations formed on dissociation of the 
toluene-acid complex, it can be assumed that they 
are of the oxonium type. Structure I indicates the 
ozonide formed from a mono-alkyl benzene, and 
structure II indicates an oxonium cation upon addi- 
tion of a proton. The formula is written for a mono- 
mer; actually the ion might be a dimer, tetramer, or 
the like. The ionic structure has additional stability 
due to the six-membered ring containing the proton. 
Either of the two oxygen atoms to the right could 
take up the additional pair of electrons, and this 
possibility of resonance stabilizes the ionic structure. 


R R 
SCX C—O 
0: H 
I II 


Structure II has a similarity with the semiquinone 
type of cation postulated previously as a result of 
the oxidation of catechol. These ionic structures 
need, of course, further verification. 

The concept of ion pairs of the kind considered is 
perhaps unusual. The existence of aliphatic acid 
anions in hydrocarbons in the presence of amines 
was shown by the writer in a quantitative manner, 
by means of a radioactive tracer technique (14). 
The existence of oxonium cations as reaction inter- 
mediates from peroxides as well as other compounds 
is frequently assumed (15). The observations in 
this study are interpreted as an instance in which 
the presence of such ions is demonstrated owing to 
their electrical conductivity. 


Any discussion of this paper will appear in a Discussion 
Section to be published in the June 1956 JouRNAL. 
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ABSTRACT 


Nickel-molybdenum, cobalt-molybdenum, and iron-molybdenum alloys have been 
electrodeposited from aqueous solutions containing sodium molybdate, the sulfate of 
the codeposited metal, sodium citrate, and ammonium hydroxide. Typical baths were 
made up with 0.3 M/I of the codepositing metal sulfate, 0.3 M/1 of sodium citrate, vary- 
ing amounts of sodium molybdate, and ammonium hydroxide to pH about 10.5. The 
maximum amount of molybdenum in the electrodeposited alloys depends on the alloying 
metal. When a typical bath was used, nickel alloys were found to contain up to 20% 
molybdenum, cobalt alloys contained up to 40% molybdenum, and iron alloys contained 
about 50% molybdenum. The cathode current efficiency in the above cases ranged from 
75-85% for the nickel-molybdenum bath, 50-60% for cobalt-molybdenum, and 10-20% 
for iron-molybdenum. The effects of pH, concentration, temperature, and cathode cur- 
rent density on cathode current efficiency and alloy composition were studied. 

These electrodeposited molybdenum alloys were metallic and either bright or light 
gray in appearance, with a large number of cracks in the bright deposits. Adherence of 
the deposit to well-cleaned flat cathodes seemed to be good, but adherence to tubing or 
rods was poor; usually these deposits could be brushed off in flake or powder form. 


INTRODUCTION 


The electrodeposition of molybdenum alloys con- 
taining iron, cobalt, or nickel has been reported 
previously from this laboratory (1) and a patent 
has been issued (2). Yntema and Ksycki (3, 4) de- 
scribed the use of solutions containing either ali- 
phatic acids or their salts, or various fluorides to 
electrodeposit molybdenum alloys. Brenner and 
Burkhead (5) electrodeposited cobalt-molybdenum 
alloys from strongly alkaline solutions containing 
potassium carbonate, cobalt chloride, and sodium 
molybdate. Ma (6) described the electrodeposition 
of chromium-molybdenum alloys from a regular 
chromium plating bath containing molybdenum- 
(VI) oxide. A ternary alloy consisting of molyb- 
denum, tungsten, and cobalt has been electrode- 
posited from aqueous citrate solutions by McElwee 
and Holt (7). The electrodeposition of nickel- 
molybdenum alloys from tartrate and 
baths has been reported recently (8). 

Seim and Holt (1) prepared their plating solutions 
using sodium molybdate, the sulfate of the code- 
positing metal, citric acid, and ammonium hydrox- 
ide. In this work sodium citrate was used in place 
of citric acid, being chosen after studying several 
different complexing agents. An attempt was also 
made to find another reagent for adjusting the pH 


citrate 


' Manuscript received September 4, 1953. This paper was 
prepared for delivery before the Wrightsville Beach Meet- 
ing, September 13 to 16, 1953. 
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of the plating solutions because of the volatility of 
ammonia. 


EXPERIMENTAL METHODS AND RESULTS 


The methods used were similar to those described 
previously (1) except that in some cases Na:MoQ,- 
2H.O was used instead of anhydrous NasMoQ,. 
The volume of plating solution used for each elee- 
trolysis was 250 ml. 

In analyzing cobalt-molybdenum and_nickel- 
molybdenum deposits, the codeposited metal was 
always determined and molybdenum was usually 
found by difference. Occasionally molybdenum was 
determined by the lead molybdate method (9). 
When both metals were determined the analysis 
usually totaled 98% or more. Several of the nickel- 
molybdenum deposits were heated in hydrogen to 
about 850°C and showed a loss in weight of only 
0.5%. Very few of the deposits obtained from the 
Fe-Mo bath were completely metallic, being covered 
in the center with a dark black material believed to 
be a molybdenum oxide; because of this, both com- 
ponents of these alloys were determined, and the 
total percentage varied from 80-95%, depending 
on the molybdenum content of the deposit. When 
several of the iron-molybdenum alloys were heated 
in hydrogen at about 850°C, the resulting loss in 
weight was 8 to 9% and the total analysis was then 
close to 100% (8.2% loss in weight, 40.0% Fe, 
51.6% Mo). 

Cathode current efficiencies were calculated using 
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the analysis and the equivalent weights based on the 
oxidation states Mo(V1), Ni(II), Co(II), and Fe(II). 
Calculations of C.C.E. based on Fe(III) and Co(IIT) 
were made and generally found to be 10-20% higher 
than those based on the bivalent state, and some 
efficiencies for the Co-Mo plating solutions were over 
100 %. 

The pH of the plating solutions was determined 
using a Beckman model G pH meter and a glass 
electrode. No attempt was made to correct for salt 
effects. 


Hull Cell Studies 


The Hull cell described previously (1) was used 
to compare the nickel-molybdenum plating baths 
which contained different complexing agents. Cath- 
ode plates were obtained by electrolysis at 3 amp for 
2 min and compared as to gain in weight and de- 
posit appearance over the current density range of 
approximately 1-20 amp/dm*. Plating solutions 
used for this investigation had the composition: 
0.3 M/1 of nickel sulfate; 0.3 M/1 of the complexing 
agent; variable amounts of sodium molybdate; 
and a pH of about 10.5 with ammonium hydroxide. 
The concentration of 0.3 M/l was selected after 
numerous preliminary experiments as being the 
most suitable for the objectives in mind. 

As a result of the Hull cell studies the complexing 
agents were classified as either poor or good for the 
electrodeposition of nickel-molybdenum alloys. Some 
of the complexing agents found to be good were: 
sodium citrate, sodium-potassium citrate, Rochelle 
salts, and sodium tartrate. For plating cobalt- 
molybdenum alloys the good complexing agents 
were: sodium citrate, malic acid, sodium malate, 
glycolic acid, and citric acid. Other complexing 
agents used were gluconic acid, dextrose, malonic 
acid, versene, oxalic acid, and the sodium and 
ammonium salts of some of these acids. 

A schematic representation of Hull cell cathodes 
from a series of sodium citrate solutions classified 
“good” is given in Fig. 1 and in a similar manner 
those from a “‘citric acid” bath® classified “‘poor’’ is 
given in Fig. 2. Differences in the weights of the de- 
posits as given in Fig. 1 and 2 should be noted par- 
ticularly as an indication of changes in approximate 
current efficiencies.’ 


2 Citric acid is used as the source of citrate ion and is 
neutralized by the ammonium hydroxide when the bath is 
prepared. 

* Work in this laboratory indicates that the deposit 
weight on the Hull cell cathode is reproducible if all con- 
ditions of the deposition process are kept constant (i.e., 
constant amperage, time interval, temperature, etc.). 
Individually made up Watts’ baths used in a Hull cell (3 
amp, 110 sec, 43°C, pH 1.8) gave the following deposit 
weights: 90.6, 90.9, and 91.5 mg. 
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CATHODE CURRENT DENSITY, AMP/OM* 
Fic. 1. Appearance of Hull cell cathodes, showing the 
plating range of sodium citrate nickel-molybdenum solu- 


tions containing varying amounts of sodium molybdate 
(3 amp for 2 min at room temperature; pH 10.5). 
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CATHODE CURRENT DENSITY, AMP/OM* 


Fic. 2. Appearance of Hull cell cathodes, showing the 
piating range of ‘‘citric acid’’ nickel-molybdenum solutions 
containing varying amounts of sodium molybdate (3 amp 
for 2 min at room temperature; pH 10.5). 


Regular Plating Procedures 


Regular plating procedures were used to obtain 
more quantitative information about C.C.E. and 
alloy compositions from various citrate Ni-Mo 
baths. Results are given in Table I. 

Table I shows that, for the Ni-Mo bath, the pres- 
ence of NH,* or K* appears to limit the amount of 
NaeMoO, which can be added before the C.C.E. 
drops off appreciably. However, for a given concen- 
tration of Na,.MoQ,, a larger percentage of molyb- 


A series of Hull cell runs made on 250 ml aliquots of a 
citric acid nickel bath at various pH values showed the 
following 


Bath Bath Wt of deposit, Wt of deposit, 
No. oH mg mg 
Run 1 Run 2 
1 1.3 9.0 9.7 
2 6.5 54.5 55.6 
3 9.5 81.9 81.4 


If the above baths were judged only by deposit ap- 
pearance, then baths 2 and 3 compare favorably with each 
other and there would be no basis for using one instead of 
the other; whereas, if the deposit weights are available, 
bath 3 can be chosen because it has good appearance and a 
higher C.C.E. Thus as an additional aid in determining the 
suitability of various complexing agents, the weight of the 
deposit should be considered. Baths could be regarded as 
having the same C.C.E. if the deposit weights agreed to 
within 1 or 2 mg. 
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TABLE I. Comparison of nickel-molybdenum citrate plating 
solutions containing increasing amounts of 
sodium molybdate 
(0.3 M/l NiSO,; 0.3 M/I citrate; NH,OH to pH 10.5; 
25°C; 10 amp/dm? for 10 min) 


Bath 


Na,MoQ, Na; citrate K; citrate 
MA | CCE% | CCE% | CCE% | CCE% 
None 82 80 85 82 
0.02 82 79 82 10 
0.05 sl 80 51 3 
0.1 80 78 Nil Nil 
0.2 78 | 81 Nil Nil 
alloy | Niimalloy | Niinalloy | Niinalloy 
per cent per cont per cent per cont 
None 100.0 100.0 100.0 100.0 
0.02 98.3 | 95.6 95.6 89.5 
0.05 95.9 91.7 83.4 77.0 
0.1 92.6 } 84.3 — — 


TABLE II. Effect of increasing amounts of ammonium 
citrate (and corresponding decrease of sodium citrate) 
on the nickel-molybdenum plating solution 
Electrolysis for 10 min at 10 amp/dm?*; pH about 10.5; 
room temperature 


Citrate-0.3 M/1 


Cathode Approx. | Nickel in 
ss Na, Cit (NH, sHCit deposit C.C.E deposit 
g % 
0.3 M/I 0.0 M/I 0. 2383 82 | 86.1 
0.25 M/I 0.05 0.1682 58 79.6 
0.20 M/I 0.1 M/I 0.0208 8 | 69.2 
0.15 M/l | 0.15 M/I 0.0088 
0.10 M/I 0.20 0.0057 — — 
0.3  M/I 0.0045 


0.0 M/I 


denum is obtained in the alloy deposit from baths 
containing these same two ions. 

The observation that Ni-Mo plating solutions 
prepared from citric acid and ammonium hydroxide 
to pH 10.5 gave much lower C.C.E. than similar 
solutions prepared from sodium citrate suggested 
that it was the excess ammonium salts present in 
the former solutions which caused the lower C.C.E. 
The effect of ammonium ion was studied by using 
plating solutions with the standard concentration 
but with the 0.3 M/1 of citrate ion supplied by vary- 
ing amounts of sodium citrate, Na;Cit, and am- 
monium citrate, (NH,4)s-HCit. The results, in Table 
II, show that increasing the ammonium ion con- 
centration decreases both the C.C.E. and the nickel 
content of the alloy deposit. The same effect was 
noted for the cobalt-molybdenum citrate bath. 


Sodium Citrate Bath 


The early work on Ni-Mo plating solutions did 
not indicate that the sodium citrate bath was 
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better than, for example, a Rochelle salt bath, al- 
though the tartrate solutions had the disadvantage 
of forming a precipitate over the approximate pH 
range of 3.0-9.0. There is, however, no question 
about the superiority of sodium citrate as the com- 
plexing agent over citric acid or ammonium citrate 
for the deposition of molybdenum ajioys. Extensive 
work had been done with the Ni-Mo citrate bath at 
the time that the study on the Co-Mo plating baths 
was started, and when sodium citrate was also found 
to be a “‘good’’ complexing agent, it was decided that 
a comparison of the electrodeposition of three alloys, 
iron-molybdenum, cobalt-molybdenum, and _ nickel- 
molybdenum from sodium citrate solutions, should 
be made. 

Bath.—The alloy deposits compared were electro- 
deposited using the following bath concentrations 
and conditions unless otherwise stated: 


Sulfate of codepositing metal 0.3 M/I 
Sodium citrate 0.3 M/I 
Sodium molybdate 0.2 M/I 
Ammonium hydroxide to pH 10.5 


Current density 10 amp/dm? 

Time of electrolysis 10 min for nickel and 
cobalt alloys and 20 
min for iron alloys 

Temperature 25°C 

Volume of solution 250 ml 


These conditions were used for the Co-Mo and 
Fe-Mo baths even though they are probably not the 
best conditions for this purpose. No difficulty was 
encountered in the preparation of the plating solu- 
tions; however, the Fe-Mo solution was allowed to 
stand for several hours before use to help obtain 
consistent results. Some of the Fe-Mo baths had 
solid material settling out upon long standing. 
Bath temperature.—A heating coil was used to main- 
tain the bath at elevated temperatures during 
electrolysis. Measurements of pH were made at the 
operating temperature of the bath using a high 
temperature glass electrode. The results of electroly- 
sis at three temperatures are given in Table III. 

This table shows that increasing the bath tem- 
perature decreases the percentage of iron and nickel 
in the alloys, but increases the amount of cobalt. 
The molybdenum content of the iron-molybdenum 
alloys remained nearly constant. The fact that the 
iron and nickel content of the deposit decreases (the 
opposite would be expected) may be accounted for 
by the pH change of the bath. The pH of the Fe-Mo 
and Ni-Mo baths at 70°C is approximately a whole 
unit lower than at 30°C and Fig. 9 shows the per- 
centages of codepositing metals to be approximately 
32% iron and 71% nickel at the lower pH values. 
Thus, the percentage of iron and nickel is increased 
(36.8%; 78.8%) due to an increase in temperature, 
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TABLE III. Effect of bath temperature on the sodium citrate 
molybdenum alloy bath 


Seth | Bath C.C.E. % Codeposited metal 


temp bath pH — 


Fe-Mo | Co-Mo Ni-Mo Fe Co Ni- 
30 10.5 16 51 S4 39.6 55.9 | 83.4 
55 10.3-9.9 11 79 S86 37.1 | 75.3 | 79.7 
70 10.0-9.5 6 86 85 36.8 | 74.5 | 78.8 
T T 
Ni 
80 
Co 
60 4 
%e (Citrate) 
Metal Fe, both “(etal 
40 
Fe, bath 
20 l 
0.02 0.05 o2 


SODIUM MOLYBDATE IN BATH, M/L 


Fic. 3. Effect of sodium molybdate bath concentration 
on the composition of molybdenum alloys from sodium 
citrate molybdenum alloy baths. 
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Fic. 4. Effect of sodium molybdate bath concentration 
on the cathode current efficiency of sodium citrate molyb- 
denum alloy baths. 


when the correction for pH is applied. It can be seen 
that at the higher temperature the C.C.E. of the 
Fe-Mo bath decreased, the efficiency of the Co-Mo 
bath increased, and there was slight effect upon the 
Ni-Mo bath. 

Concentration of sodium molybdate——Fig. 3 and 4 
show the effect that the concentration of sodium 
molybdate has on the three sodium citrate solutions. 
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METAL SULFATE IN BATH, M/L 


Fig. 5. Effect of concentration of metal sulfate on 
composition of molybdenum alloys from the sodium citrate 
molybdenum alloy baths (Fe-Mo bath, 20 amp/dm?, 0.1 
M/1 Na,:MoO,-2H.0). 


An increase of molybdate has the expected result 
of decreasing the percentage of iron, cobalt, or nickel 
in the alloy (Fig. 3) and increasing the molybdenum 
content. The percentage of molybdenum in the alloy 
deposit when small amounts of molybdate (0.02 
to 0.05 M/1) are added to a bath is found to increase 
most rapidly in the iron-molybdenum alloy and 
least rapidly in the nickel-molybdenum alloy (Fig. 
3). Fig. 4 shows that the C.C.E. increases and then 
decreases for the Co-Mo and Ni-Mo baths as the 
sodium molybdate concentration is increased. The 
efficiency for the Fe-Mo bath decreases from the 
start; however, if the citrate ion concentration is 1.5 
times the iron concentration, there is an increase in 
the efficiency and then a decrease, similar to the 
Ni-Mo bath. 

Concentration of codepositing metal sulfate-—The 
results of the electrolysis of a series of sodium citrate 
baths containing increasing amounts of metal sul- 
fate are given in Fig. 5 and 6. Fig. 5 shows that the 
percentage of cobalt and nickel increases as their 
bath concentration increases, while the iron content 
of the alloy increases and then decreases as the iron 
sulfate concentration in the bath increases. The 
molybdenum content of the alloy decreases as the 
codepositing metal concentration increases; how- 
ever, in the iron bath the molybdenum content in- 
creases at higher metal concentration. It is shown in 
Fig. 6 that the C.C.E. increases as the metal concen- 
tration is increased, and again the Fe-Mo bath has 
a lower C.C.E. when the iron sulfate concentration 
is high. It may be significant to note that an Fe-Mo 
bath, having a molar ratio of citrate to iron of 1.5, 
acts much like the Co-Mo and Ni-Mo baths. Note 
especially in Fig. 4 the effect that the concentration 
of sodium molybdate has on the C.C.E. of the Fe- 
Mo bath where the citrate concentration was 1.5 
times the iron sulfate concentration. 
Concentration of sodium citrate—The results of the 
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METAL SULFATE IN BATH, M/L 


Fia. 6. Effect of concentration of metal sulfate on 
eathode current efficiency of sodium citrate molybdenum 
alloy baths (Fe-Mo bath, 20 amp/dm?, 0.1 M/l Na,.MoO,- 
2H.O). 
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SODIUM CITRATE IN BATH, M/L 


Fic. 7. Effeet of concentration of sodium citrate on 
composition of molybdenum alloys from sodium citrate 
molybdenum alloy baths. 


electrolysis of a series of plating solutions containing 
increasing amounts of sodium citrate are given in 
Fig. 7 and 8. It can be seen in Fig. 7 that the per- 
centage of cobalt and of nickel in the alloys de- 
creases and the percentage of iron decreases and then 
increases as the citrate concentration is increased. 
Other work with the Fe-Mo bath indicates that the 
iron content of the alloy steadily increases and that 
the molybdenum content increases and then de- 
creases as the citrate content of the bath increases. 
The C.C.E. (Fig. 8) for the Ni-Mo and Co-Mo 
baths increases and then decreases while in the Fe- 
Mo bath it is nearly constant at mole ratios of citrate 
to iron below 1.5 (<0.5 M/I Nas; citrate). 

Bath pH.—All three plating solutions were studied 
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™| Fic. 8. Effect of concentration of sodium citrate on 
cathode current efficiency of sodium citrate molybdenum 
alloy baths. 
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Fic. 9. Effect of bath pH on composition of molybdenum 
alloys from sodium citrate molybdenum alloy baths. 


over the pH range 2.0 to about 12.0. The pH was 
adjusted downward with dilute H.SO, and upward 
with NH,OH. The pH in each case is the value given 
by the glass electrode (uncorrected). The results of 
the electrolysis of solutions at the various pH values 
are given in Fig. 9 and 10. In general it can be said 
that the iron, cobalt, and nickel content of the alloys 
decreased and then increased as the pH is increased 
(Fig. 9). The percentage of iron, cobalt, and nickel 
in the alloys from baths below pH 7.0 is nearly the 
same, while at higher pH values the three metals 
are present in widely different percentages; this 
effect of pH at the higher pH values may be due to 
the complexing action of NH; and not to the OH- 
concentration. The lowest amount of codeposited 
metal in nickel-molybdenum and cobalt-molybde- 
num alloys occurs at approximately pH 8.0 while it 
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BATH pH 


Fic. 10. Effect of bath pH on cathode current efficiency 
of sodium citrate molybdenum alloy baths. 
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CATHODE CURRENT DENSITY, AMP/OM 


Fic. 11. Appearance of Hull cell cathodes comparing 
the plating range of a plain sodium citrate metal bath, (A), 
and of a sodium citrate alloy bath containing 0.1 M/l 
sodium molybdate, (B) (3 amp for 2 min; pH 10.5; room 
temp). 


is lowest at pH 9.0 in the iron-molybdenum alloys. 
The percentage of molybdenum is highest at approxi- 
mately the same pH values. Fig. 10 shows that at 
a pH of 7 to 8 a minimum in C.C.E. is obtained, 
while at pH 4 and pH 10-10.5 a maximum is ob- 
tained. At the higher pH the Ni-Mo bath operates 
with the highest C.C.E. followed by the Co-Mo and 
Fe-Mo baths, while at the lower pH the order is 
reversed with the Fe-Mo bath operating with the 
highest C.C.E. 
Cathode current density.—The over-all effect of cur- 
rent density is best observed by means of the Hull 
cell. Fig. 11 shows Hull cell cathodes obtained from 
some of the baths studied. 

More quantitative information was desired and 
regular plating procedures at several cathode current 
densities were tried with the results given in Table IV. 
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TABLE IV. The effect of cathode current density (C.C.D.) on 
cathode current efficiency (C.C.E.) and alloy composition 
using the sodium citrate bath 


% Code- 

Bath | Time | | posted 
deposit 

amp dm? min g 
Fe-Mo 10 20 0.0242 2.5 8.5 
Fe-Mo 20 20 0.0436 4.0 32.1 
Co-Mo l 100 0.0016 0.4 

Co-Mo 5 20 0.0616 26 50.8 
Co-Mo 10 10 0.0766 30 54.8 
Co-Mo 20 5 0.1175 47 66.8 
Ni-Mo 1 100 =| 0.0852 34 71.8 
Ni-Mo 5 20 0.1904 70 80.0 
Ni-Mo 10 10 0.2299 82 83.2 


Ni-Mo 20 5 


| 0.2210 | 76 86.4 


It is to be noted that the percentage of codepositing 
metal in the alloy increases somewhat as the current 
density increases. The C.C.E. increases with increas- 
ing current density for the Fe-Mo and Co-Mo baths 
and after increasing decreases for the Ni-Mo bath. 


Substitutes for Ammonium Hydroxide 


Since NH,OH is a volatile base, its use in a plat- 
ing bath should be avoided, particularly if an excess 
appears to be needed; thus numerous substitutes for 
raising the bath pH were tried. The standard sodium 
citrate bath without ammonium hydroxide was used 
with the possible substitutes. Small amounts of 
NaOH were added to portions of this bath to give 
solutions with pH values in the range 7-11.0. 
Electrolysis of these solutions resulted in only small 
cathode deposits with C.C.E. less than 1%. Various 
combinations of NaOH and NH,OH gave plating 
solutions that showed good C.C.E. only with a large 
excess of NH,OH. The following other substitutes 
were tried: ethyl amine, ethanol amine, diethanol 
amine, triethanol amine, ethylenediamine, pyridine, 
and hydrazine. In no case was a suitable plating bath 
obtained. Later, the above experiments were con- 
ducted on the Co-Mo plating bath and the results 
obtained for the Ni-Mo bath confirmed. 


Anodes 


Insoluble platinum anodes were used in all elec- 
trolyses reported in this article, but soluble anodes 
are likely to be required for proper maintenance of 
the plating solutions. Exploratory work on the: Ni- 
Mo bath with soluble anodes indicates that, whereas 
Mo anodes dissolve readily, changes in bath com- 
position are required before Ni anodes will dissolve 
sufficiently to maintain the nickel concentration of 
the bath. Ni anodes used in the sodium citrate bath, 
pH about 10.5, dissolve only slightly with anode 
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efficiencies less than 1%. As would be expected 
the addition of chloride ion, as NaCl, MgCl, or 
NiCl. increases the rate of anode dissolution. An 
increase in the anode current density was also found 
to increase the anode current efficiency in solutions 
containing chloride ions. Molybdenum anodes were 
found to dissolve with an efficiency of 95 to 100%. 


Examination of Deposits 


All the deposits which were examined were metallic 
in appearance. Some of the iron-molybdenum de- 
posits were nonmetallic, but the properties of such 
deposits are not included in this paper. The nickel- 
molybdenum alloys were either silvery or gray in ap- 
pearance and were bright when plated on polished 
cathodes. The cobalt-molybdenum alloys were either 
gray, silvery, or bright; in some cases the alloy was 
bright even though the basis metal was not polished. 
The iron-molybdenum alloys had the appearance of 
gray cast iron and no bright deposits were obtained. 
The alloy deposits examined usually ranged up to 
0.0004 in. in thickness, but somewhat thicker de- 
posits can be obtained. Alloys were readily soluble 
in 4N nitric acid which was used to dissolve the 
deposits for making analyses. 

All of the deposits contained cracks (see Fig. 12), 
the brigher the deposit the more and finer the cracks 
(the surface has a spider web appearance). Lron- 
molybdenum deposits contained the fewest cracks, 
while the bright cobalt-molybdenum deposits had 
the most. 

Adhesion of the deposits to flat cathode surfaces 
was good, but occasionally the deposit peeled in 


Fic. 12. Micrographs (500 X) of typical nickel-molyb- 
denum alloy deposits as plated on a copper tube, and then 
covered with copper electrodeposited from a cyanide 
bath. Etch: 2-min immersion in a H.SO.-H.O. solution 
(2 ml 98% H.SO,, 10 ml 30% H.O2; 100 ml H.O) at 30°C. 
The deposit is nodular, contains many cracks, and has a 
banded structure. Preferential etching of copper causes 
copper portions of micrograph to be out of focus. 
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spots and careful handling of the cathode after clean- 
ing was necessary. In most cases adhesion was not 
good when the alloys were deposited on steel rods, 
or on copper or brass tubing. Such deposits were 
easily rubbed off in a flake or powder form, but in a 
number of cases a very thin layer (see Fig. 12) ad- 
hered strongly to the basis metal with the bulk of the 
deposit separating from this thin coating and not 
from the basis metal. Removal of the copper tube 
from some of the better nickel-molybdenum deposits 
by chemical means left a fragile shell which was 
porous and easily crumbled. Deposits plated on stain- 
less steel cathodes were shriveled in appearance and 
could be brushed off in flake or powder form. 

The alloy deposits on copper, when bent once 90° 
or 180°, cracked, usually along the initial crack lines 
showing the copper basis metal. The amount of cop- 
per exposed depended upon the size and distribution 
of the initial cracks, the many smaller spaced cracks 
showed less basis metal than the fewer larger spaced 
cracks. The adhesion of the nickel-molybdenum al- 
loys to the basis metal during repeated bending was 
good and the alloy did not flake off until the cathode 
metal was nearly broken. The iron-molybdenum al- 
loys after several bends began to flake off in areas 
around the bend. The cobalt alloys withstood the 
bending test better than the iron-molybdenum alloys 
but not as well as the nickel-molybdenum alloys. 
- The poor character of most of the deposits may be 
due to the hydrogen which was deposited on the 
cathode. Very little hydrogen is evolved from the 
cathode during plating but when the deposits 
(especially the iron-molybdenum and cobalt-molyb- 
denum deposits) were washed, large amounts of gas 
were evolved. This absorbed hydrogen perhaps 
caused stresses in the alloy deposits and caused the 
shriveled appearance of the deposits when plated on 
the flat stainless steel and on the tubing. 


DISCUSSION 


The results presented make it reasonable to con- 
clude that a practical aqueous plating bath for the 
electrodeposition of molybdenum alloys containing 
iron, cobalt, or nickel could be worked out. However, 
the development of such a plating bath was not the 
immediate objective of this work. 

It was found that the Ni-Mo citrate bath operates 
much more efficiently (C.C.E. 75-85%) than either 
the Co-Mo (C.C.E. 50-60%) or the Fe-Mo (C.C.E. 
10-20%) citrate baths, while a higher molybdenum 
content was found in the Fe-Mo (50% Mo) de- 
posits than in either the Co-Mo (40% Mo) or the 
Ni-Mo (20% Mo) deposits. The sodium citrate bath 
is an improvement over that proposed earlier (1) 
in that higher current efficiencies are obtained. 

The results obtained can be explained by assuming 
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a series of reactions involving citrate and ammine 
complexes of the codepositing metals, and molybdate 
ions. Bobtelsky and Jordan (10) suggest the follow- 
ing structures for the citrate complexes of bivalent 
and trivalent metals: 


(Structure I) 
Bivalent metal citrate complex where molar ratio 
of citrate to metal ion is 1.0 


Coo 

CH \ / or NHg 

OOC—C—OH— M" <H.O or NH; 

CH, \ O or NH; 


(Structure I1) 
Trivalent metal citrate complex where molar ratio 
of citrate to metal ion is 1.5 


OOC 
| 
— % CH, CH, 
| OH | OH HO | 
C M™ 1C Ml C 

| COO | CoO 
CH, CH, CH, 
| 
| COO | COO OOC 


Since nickel has the stable oxidation state of plus 
two, its complex would have structure I. Iron and 
cobalt, however, can have either plus two or plus 
three oxidation states and, therefore, an equilibrium 
mixture of structures I and II could be present. 

By referring to Fig. 6 and 8, the following ob- 
servations about the C.C.E. of the Co-Mo bath may 
be noted. In Fig. 6, as the molar ratio of citrate to 
metal ion decreases and approaches 1.0 (0.3 M/1 
metal sulfate) the C.C.E. of the bath increases, 
whereas at higher molar ratios (0.1 and 0.2 M/1 
metal sulfate), the C.C.E. curve is similar to the 
C.C.E. curve for the Fe-Mo bath. In Fig. 8, the 
C.C.E. of the Co-Mo bath decreases when the molar 
ratio of citrate ion to metal ion is between 0.6 and 
1.0 (0.2 and 0.3 M/1 Na;Cit) and levels off when the 
molar ratio is greater than 1.0 (above 0.3 M/1 
Na,;Cit). It is possible that, at a molar ratio of 
citrate ion to cobalt ion of one, the citrate ion is 
capable of complexing Co(II) tightly enough to 
prevent the Co(III) ammine complex from forming 
when the solution is made ammoniacal. These ob- 
servations could indicate that at the concentrations 
used the cobalt complex present in greatest amount 
has structure I. The fact that the C.C.E. for some 
Co-Mo baths is as high as the C.C.E. for some Ni- 
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Mo baths is then to be expected since cobalt and 
nickel form the same type of bivalent metal citrate 
complex. If the trivalent metal complex were present 
to a larger extent, one would then expect the Co-Mo 
bath to behave more like the Fe-Mo bath. The fol- 
lowing observations are made about the Fe-Mo bath 
from Figs. 6 and 8. In Fig. 6 the C.C.E. curve for 
the Fe-Mo bath starts to decrease when the mole 
ratio of citrate ion to metal ion is less than 1.5 
(>0.2 FeSO,-7H.O) which may indicate that 
the structure I type of complex is being formed. In 
Fig. 8 the C.C.E. is constant up to a molar ratio of 
citrate ion to metal ion of 1.3 (0.4 M/1l Na;Cit) and 
when the molar ratio is 1.6 (0.56 M/l Na;Cit) the 
C.C.E. curve starts to increase. These observations 
could indicate that a structure Il complex for iron 
is involved. The fact that deposition occurs from 
highly ammoniacal solutions would make the bi- 
valent complexes contain ammonia instead of water. 
Assuming the above complex structures to be es- 
sentially correct, then for the deposition of the single 
metals (iron, cobalt or nickel) the following reac- 
tions may occur: 
Metal citrate ammine ion = Metal ammine ion 


+ Citrate ion (1) 
Metal ammine ion — Metal ammine-metal bridge 
(II) 
Metal ammine-metal bridge electron, metal 
+ ammonia exchange (IIT) 


All three metals are capable of forming the metal 
ammine complex; nickel and cobalt form stable 
ammines while the iron (Il) ammine is rather un- 
stable. It is assumed that for the iron and cobalt 
complexes there is an equilibrium between the two 
structures and that structure I can be formed from 
structure II by a dissociation mechanism and then 
structure I dissociates according to reaction (I). 
The metal ammine complex then migrates to the 
cathode and with the formation of a bridge complex, 
as postulated by Lyons (11), binds itself to the 
cathode and splits off ammonia. Deposition from the 
metal ammine ion can account for the C.C.E. ob- 
served. The nickel citrate ammine could easily split 
as in reaction (I) and would allow deposition to 
proceed at a greater rate than in the case of iron 
where the dissociation of the complex would be less, 
leaving little metal ammine ion from which deposi- 
tion occurs. Therefore, the iron bath would be ex- 
pected to operate at a lower C.C.E. 

The fact that the percentages of nickel and cobalt 
in the deposit decrease when a series of deposits are 
made from the same bath without replenishing the 
metal ion concentration could indicate that reaction 
(I) is forced to the left due to common ion effect. The 
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main function of the citrate ion would be to keep the 
metal ion concentration low. 

When molybdate is added, it does not necessarily 
have to be involved with the metal citrate ammine 
complex, but can retain its own identity as MoO, 
(the species most likely in an alkaline solution). Since 
the presence of iron, cobalt, or nickel is necessary to 
accomplish the reduction of molybdate to molyb- 
denum [this would be reaction (IV)], these metals 
may be considered to be catalysts. Deposition of iron, 
cobalt, or nickel occurs as mentioned from the am- 
mine complex, the MoO, may then be assumed 
capable of forming another bridge complex‘ with 
the cathode and be reduced. The actual reduction 
of the molybdate at the cathode may be accomplished 
by hydrogen. The black oxide that is present on some 
deposits may be due to partial reduction of the 
molybdate bridge complex. 

The rate at which the molybdenum content in- 
creases in the three alloys may be explained as fol- 
lows. If the competing reactions for the deposition 
process are considered to be reactions (II) and 
(IV), then reaction (II) depends upon the dissocia- 
tion of the metal citrate ammine complex [reaction 
(I)]. There would be a greater concentration of nickel 
ammine than iron ammine and therefore a small 
amount of MoO, in the Fe-Mo bath will give a 
larger percentage of molybdenum than the same 
amount in the Ni-Mo bath simply because the 
molybdate ion has a better chance to come in con- 
tact with the cathode. 

The fact that high concentrations of sodium 
molybdate decrease the C.C.E. of the bath can per- 
haps be explained in the following way. The MoO,” 
can be considered to reach the cathode by diffusion, 
as postulated for the tungstate ion by Clark and 
Lietzke (12). When the MoO, concentration is high 
the cathode becomes covered with a thin insoluble 
film containing molybdenum in some oxidation 
state or states intermediate between the free metal 
and Mo(VI). This cathode film may prevent the 
metal ammine from which deposition of the cata- 
lytic metal occurs from reaching the cathode. 

The detrimental effect of ammonium ion could be 
due to the instantaneous discharge of ammonium 


4MoOZ may be assumed capable of forming this bridge 
complex since it may have bonding orbits available in the 
4d and 5 s, p levels. 
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ion to ammonia and hydrogen in preference to the 
other cathode reactions. 

Since the percentage of the codeposited metal in 
the alloy is increased with an increase in the bath 
temperature, it me, be assumed that this is due to 
an increase in the dissociation of the metal citrate 
complex. 

It is realized that the proof for this postulated 
mechanism is very scanty, but future work in this 
laboratory will be directed toward the investigation 
of the mechanism. It is quite probable that the proc- 
ess for the electrodeposition of tungsten alloys (13) 
from similar solution is much the same as the process 
involved in the electrodeposition of these molyb- 
denum alloys. 
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Periodic Current Reversal in Plating Copper-Lead Alloys' 


Newtson W. Hovey, Joun L. Grirrin,? ALBERTINE KROHN 


Chemistry Department, University of Toledo, Toledo, Ohio 


ABSTRACT 


Apparatus based on the commutator principle was designed and constructed to con- 
vert direct current to square-wave alternating current, and was applied in electro- 
depositing copper-lead alloys from a eyanide-tartrate solution. The procedure was suc- 
cessful in eliminating the nodules which occurred in alloy deposits obtained in previous 


studies using this type of bath. 


INTRODUCTION 


Previous studies of various methods of electro- 
plating alloys of copper and lead reported that the 
most promising bath for this purpose was a cyanide- 
tartrate solution having the following composition 
(1, 2): NNOH—40.0 g/l; NaCN—147.0 g/l; NaKC,- 
g/l; CuCN—150.6 g/l; Pb- 
(C:H;O2)2-3H,O—75.9 g/l. Using the operating 
conditions given in the experimental part of the 
earlier paper (but without current reversal), the 
alloy deposited from the freshly prepared solution 
contained approximately 70% copper. However, the 
deposits tended to be highly strained, brittle, and 
nodular. The work of Jernstedt (3) suggested the 
possibility of preventing the growth of nodules on 
deposits from this bath by the use of periodically re- 
versed current. 

The principal purpose of the research reported 
in this paper was to design and construct a simple, 
inexpensive device for converting direct current to 
square-wave alternating current of readily variable 
frequency and wave form. The limited work on cop- 
per-lead alloy plating using the apparatus described 
was done mainly to demonstrate that this method of 
producing periodic reversed current is practical. 
Data obtained were sufficient to show that nodule 
formation on deposits from this bath is inhibited by 
periodic current reversal. 

No attempt was made to produce any particular 
alloy composition. The deposits obtained using 
periodic reversed current were higher in copper con- 
tent than those produced with direct current under 
comparable conditions. Copper content increased 
as the percentage of anodic current was increased. 
Previous work (1) indicated that alloy composition 

1 Manuscript received January 4, 1954. This paper was 
prepared for delivery before the Wrightsville Beach Meet- 
ing, September 13 to 16, 1953, and was abstracted from a 
thesis presented by John L. Griffin to the University of 
Toledo in partial fulfillment of the requirements of the 
degree of Master of Science. 


2? Present address: Chemistry Department, University 
of Michigan, Ann Arbor, Michigan. 
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may be varied within wide limits when direct cur- 
rent is used. It should be possible to compensate for 
the relatively faster dissolution of lead during the 
period that the deposit functions as the anode and 
produce deposits of any desired composition. That 
smooth bright deposits are obtainable over a wide 
composition range has not yet been proved. 

The commutator principle appeared to furnish the 
method most likely to give an apparatus which was 
flexible but economical to build. Equipment charac- 
teristics thought desirable for this investigation in- 
clude: (a) low-frequency limit of 10 eps; (b) the 
frequency variable over a range of five to ten times 
the lower limit; and (c) a means for varying the 
alternating current wave form to give variable ratios 
of plating to polishing current. Preliminary studies 
showed that nodule formation began early in the 
plating process. Nodules were discerned on several 
samples obtained after 30-see plating time. To 
facilitate the action of the polishing fraction of the 
cycle in preventing or removing nodules, a minimum 
frequency of about 10 cps was chosen so that the 
polishing could start very early in the process. 


CONSTRUCTION OF THE COMMUTATOR 


Two 60-bar commutators from standard 24 volt 
generators were utilized. Fig. 1 shows the machined 
output commutator. Two series of 19 bars each were 
connected by soldering a heavy copper strap to the 
bars on the outer shoulder of each. The two result- 
ing segments were separated by two series of 11 free 
bars each. Holes were drilled between each of the 
22 free bars and between the last free bar and the 
end bar of the large segment. These holes were tapped 
for small machine screws. This arrangement was 
designed to permit the use of the machine screws as 
shorting plugs to permit the adjustment of the wave 
form by varying the connections between the free 
bars and the large segments. 

The commutator produces two complete plating- 
polishing cycles per revolution. Since two cycles in- 
volve 60 bars, one bar is equivalent to 49 or 314 % 
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of a cycle. Thus, the ratio of effective plating current 
is variable from 9314 % to 20% of one cycle in steps 
of 623 %. 

For example, suppose it is desired to have the 
plating current flow for 49 see and the polishing 
current for 1/100 sec. The ratio of polishing current 
time to total cycle time is 1:6 or 1623 %. The number 
of bars to be connected in the polishing current seg- 
ment is then 1623 divided by 3! or 5 bars. 

To accomplish the required connection, the index 
bar in the polishing current section is connected to 
the following four free bars by inserting four of the 
brass screws. The hole between the fourth and fifth 
free bars is left open to isolate the polishing current 
segment from the plating current segment. The rest 
of the free bars are connected to the next large seg- 
ment by inserting the rest of the screws. This pro- 
cedure is repeated for the other side of the output 
commutator. 

Fig. 2 shows the complete commutator and shaft 
assembly. The input commutator bars were con- 
nected by soldering a heavy copper strap to the outer 
end of each bar to form two segments of 30 bars each. 


SIDE VIEW 


Fig. 1. Machined output commutator. 1—Index bar; 
2—shorting strap; 3—holes tapped for machine screws; 
4—large segment; 5—shoulder turned for connecting 
straps; 6—direction of rotation. 


END VIEW 
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INPUT OUTPUT 
COMMUTATOR COM MUTATOR 
Fic. 2. Commutator and shaft assembly. 1—Index 
bar; 2—connecting strap; 3—segment separation point; 
4—direction of rotation. 
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The separation points of these segments were posi- 
tioned one bar ahead of the corresponding separation 
points on the output commutator. This resulted in 
a minimum polishing current fraction of 314 of a 
cycle. Each input segment was then connected to the 
large output segment nearest it with heavy copper 
strap. No adjustment of the input commutator was 
needed since its connections were fixed. 

A diagram of the brush holder assembly is shown 
in Fig. 3. The holder was constructed to present two 


INPUT 


a COMMUTATOR COMMUTATOR 


Fic. 3. Brush holder assembly. 1—D.C. plus input; 
2—d.c. minus input; 3—a.c. to anode; 4—a.c. to cathode; 
5—flexible lead to brush; 6—spring; 7—brush; 8—brushes; 
9—holders; 10—Bakelite frame. 


Fig. 4. Schematic representation of the principle of the 
commutator. 1—Input commutator segment, first half; 
2—input commutator segment, second half; 3—input 
brush, d.c., negative; 4—output brush, a.c., to cathode; 
5—output commutator segment, second half; 6—output 
commutator segment, first half; 7—angular separation of 
positions of polarity change in input and output com- 
mutators; 8—output brush, a.c., to anode; 9—input brush, 
d.c., positive. 
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Fic. 5. Complete commutator assembly. 1—'4 hp elec- 
tric motor; 2—commutators; 3—brush holder; 4—speed 
changer; 5—pivot bolt; 6—control handle. 


Fia. 6. Typical deposit using direct current 


fixed brushes to each commutator, normal to the 
surface, 180° apart, and under moderate spring pres- 
sure. 

The principle of the commutator, the construc- 
tion of which is shown in Fig. 1-3, is schematically 
represented in Fig. 4. The device is equivalent to two 
metal disks on a single shaft, each disk consisting of 
two semicircular halves insulated from each other. 
A single electrical connection extends from each 
semicircle of one disk to a corresponding semicircle 
of the other disk. If the sectors of one disk, instead of 
paralleling the sectors of the other disk, are rotated, 
then the geometrical arrangement is equivalent to 
that accomplished by changing the positions of the 
screws. 

The commutator and shaft assembly was mounted 
in ball bearings which were attached to a base con- 
taining the brush holder, motor, and speed changer. 


The motor and speed changer drove the commutator 
shaft by means of V-pulleys and V-belts as shown in 
Fig. 5. 

The frequency of alternation is changed by shift- 
ing the cone position of the speed changer. The con- 
trol handle is moved toward the motor to decrease 
frequency and toward the commutator to increase 


Fic. 7. Typical deposit Fic. 8. Typical deposit 
with 10% anodic current. with 20% anodic current. 


Fic. 9. Typical deposit Fic. 10. Typical depesit 
with 30% anodic current. with 40% anodic current. 
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frequency. Once set, the handle is locked in place by 
tightening the wing nuts on the pivot bolts. 


EXPERIMENTAL 


Except for plating time, procedures and condi- 
tions used were the same as those found best in the 
earlier studies (1, 2). These were: temperature, 40°C; 
current density, 3.3 amp/dm?* (30 amp/ft?); and 
cathode rotation of 1750 rpm. To compensate for 
the reduced effective plating time resulting from the 
use of alternating current, the total time was ex- 
tended to equal 25 min of actual plating time for 
each run. 

RESULTS 


The photographs of Fig. 6-10 show a typical 
series of deposits. The first (Fig. 6) is the extremely 
rough surface typical of a deposit using direct cur- 
rent. The nodules are dark gray, the background a 
dull, uneven copper color. This deposit was 57.6% 
copper. 

The next series shows deposits made at a fre- 
queney of 30 eps with variations in the percentage of 
reverse current. Fig. 7 shows the deposit with 10% 
anodic current. The size and number of nodules have 
been reduced and the background is smooth. The 
deposit contained 60.3 % copper. 

The deposit when the current was 20% anodic is 
shown in Fig. 8. There are only a few rough spots; the 
rest is of high luster. Analysis showed 77.5 % copper 
in the alloy. 

With 30% anodic current, the deposit contained 
93.6 % copper and was free of nodules, but had only 
medium luster (Fig. 9). 

Fig. 10, the deposit with 40% anodic current, is 
very smooth, of medium luster, and contains 98.8 % 
copper. 
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Other runs made at 90 cps were similar in appear- 
ance and composition. Alloys deposited with anodic 
current values between 20-30% usually exhibited 
normal copper content and the most lustrous sur- 
faces, while those deposited at high anodic current 
values showed a high copper content and smooth 
surfaces of medium luster. 

Potential measurements indicated that polariza- 
tion decreased with increasing percentages of anodic 
current, but no detailed study was made of. this. 


CONCLUSIONS 


Very satisfactory apparatus for experimental work 
in electrodeposition using square-wave alternating 
current may be constructed at little cost. 

Current reversal definitely reduces nodule formation 
on copper-lead alloy deposits from cyanide-tartrate 
solutions and makes it possible to obtain brighter 
deposits. 

The deposits increase in copper content as the 
percentage of anodic current is increased. This 
indicates that lead is more active anodically than is 
copper in the cyanide-tartrate solution used. In order 
to compensate for this effect, either the solution must 
be modified or the plating conditions changed, or 
both, if relatively high lead content deposits are to 
be produced. 


Any discussion of this paper will appear in a Discussion 
Section to be published in the June 1956 JouRNAL. 
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Graphite Anodes in Brine Electrolysis 


Ill. Effect of Anode and Operating Variables on Caustic Color' 


M. Janes, N. J. Jounson, Ano E. B. 


Process Engineering Laboratory, National Carbon Company, A Division of Union Carbide and Carbon Corporation, 
Niagara Falis, New York 


ABSTRACT 


Caustie color data which have been obtained with a laboratory diaphragm chlor- 
alkali cell are summarized briefly. Effects of such cell operating variables as brine flow 
rate, brine concentration, and current density have been investigated. Measurements 
generally were made on the unevaporated catholyte effluent after addition of a reducing 
agent. The absorption spectrum appears identical with that of the compound isolated 
and identified by Heller. Light absorption by this pyromellitie acid chlor-quinol obeys 
Beer’s law, so that degree of cell effluent coloration can be expressed in terms of the 
concentration of this compound. Chemical oxidation of graphite, as by hypochlorous 
acid, is believed to be an important factor in formation of the color-producing com- 
pound. As is known, caustic color is much less with treated graphite, consistent with the 
protection thus obtained against internal attack. 


INTRODUCTION 


The appearance of a blue or purple color in 50% 
caustic produced by evaporating the cell effluent 
from diaphragm chlor-alkali cells equipped with 
graphite anodes has long been familiar (1). Heller’s 
work (2) demonstrated that the color was due to an 
organic compound derived from oxidation of the 
graphite anodes. By extraction of used graphite stubs 
with water and subsequent purification of the ex- 
tract a yellow crystalline compound was isolated 
which, when dissolved in caustic solution, would 
reproduce all the usual colors met in plant operation. 
Analytical and physicochemical studies of this 
compound led Heller to suggest a pyromellitic acid 
chlor-quinol structure. 

As Heller noted (2), Cushing studied the caustic 
colors spectrophotometrically and found that a blue 
caustic solution prepared from the yellow compound 
isolated by Heller has the same spectral transmission 
curve as plant liquor. 

Measurements of the degree of coloration as af- 
fected by variations in graphite or such cell operating 
conditions as temperature, brine concentration, etc., 
have been carried out in this laboratory during the 
past 13 years, employing a laboratory diaphragm 
cell. These measurements are fully in accord with 
Heller’s conclusions and show the variation of con- 
centration of colored compound with cell operating 
conditions and type of anode material. 


‘Manuscript received September 13, 1954. This paper 
was prepared for delivery before the Montreal Meeting, 
October 26 to 30, 1952. 

2 Present address: National Carbon Research Labora- 
tories, Cleveland, Ohio. 


EXPERIMENTAL 


The laboratory diaphragm chlor-alkali cell in 
which these studies were made has been described 
(3). Unless otherwise stated, data presented here are 
for laboratory cell operation at 11 amp (approx. 0.5 
amp/in.? anode current density), feed rate of 200 
ml/hr saturated NaCl solution, and 80°C. 

Color measurements were made directly on the 
cell effluent, with a reducing agent added to bring the 


light absorption by the color compound into the. 


visual spectrum. Heller noted that a red or pink color 
develops if hot, unconcentrated cell effluent is 
treated with reducing agents such as dextrose, etc., 
and that the intensity of the red color seems to be 
an indication of the quantity of the coloring matter 
present. Sodium dithionite (hydrosulfite) at room 
temperature was used here.’ In the earliest work, the 
intensity of color developed was estimated visually 
in Nessler tubes, later with a photoelectric colorim- 
eter, and recently with a Beckman Model “B” 
spectrophotometer. Fig. 1 shows the transmission 
curve of effluent from an operating laboratory di- 
aphragm cell compared to a solution of the com- 
pound isolated by Heller‘ in a synthetic medium of 
essentially the same composition as that of cell 
effluent (81 g/l NaOH, 223 g/l NaCl). Values of log 
A, are plotted against wave length of light from 
380 to 620 mu.* The close correspondence of the two 

3 Suggested by Howard Wells of Niagara Alkali Com- 
pany. 

‘Samples of this compound were kindly supplied to the 
authors by Heller. 

5 The terminology and symbols for absorbanecy (fre- 
quently called optical density) follow the recommenda- 


tions of Mellon (4). The advantages of a log A, plot are 
described by Stearns (5). 
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\ @CELL EFFLUENT 4 
©50 Mg/t HELLER'S COMPOUND / 
380 420 460 500 540 580 < 
WAVELENGTH - MILLIMICRONS 5 
Fic. 1. Comparison of the absorption curve of labora- 3 
tory cell catholyte with that of Heller’s compound in al- 8 
kaline chloride medium (with dithionite added). pd 
-0 
0.1 0.3 os 0.7 
ABSORBANCY 
Fig. 3. Concentration of Heller’s compound vs. ab- 
-1.20 sorbancy. O At 480 my with dithionite added; @ at 372.5 
my without dithionite. 
NO Naz2S204 ADDED 
< \ ©-50 Mg/t HELLER’S COMPOUND WITHOUT NazS204 
8 CELL EFFLUENT 
© 50 Mg/t HELLER’S COMPOUND 
\} 
-2.40 
4: S10 
WAVELENGTH — MILLIMICRONS © 
Fig. 2. Comparison of the absorption curve of labora- 3 \ 
tory cell catholyte with that of Heller’s compound in al- a 
kaline chloride medium (no reducing agent added). 
curves is strong evidence that the compound isolated qe: 
320 400 440 480 


by Heller is responsible for the color thus developed 
in cell effluent. There is a maximum absorption at 
480 my; but it is interesting that on adding NaS.O, 
and gently agitating, a cherry red color appears 
initially which quickly changes to a reddish-brown. 
This change in color is so rapid that it has not been 
possible to obtain a transmission curve of the tran- 
sient reduction product. The difference in absorption 
below 400 my indicated in Fig. 1 is no doubt due to 
slight differences in NaS.O, concentration, which 
absorbs below this wave length. 

In Fig. 2, the same cell effluent is compared with 
the same synthetic solution without addition of 
reducing agent. Again the curves correspond . quite 
closely, with a maximum (in the spectral region 
shown) at about 372.5 my, possibly corresponding 
to the maximum observed by Heller for the com- 
pound in absolute alcohol solution at 350 mu. 

Fig. 3 shows that the absorption of Heller’s com- 


WAVELENGTH - MILLIMICRONS 


Fic. 4. Comparison of absorption of laboratory cell 
catholyte with that of Heller’s compound in alkaline 


chloride medium at shorter wave lengths (no dithionite 
added). 


pound at 480 my (after treatment with NaS.O,) 
follows Beer’s law quite closely, i.e., the absorbancy 
is linear with respect to concentration. This rela- 
tion has been used to convert the authors’ absorp- 
tion measurements to concentration of color com- 
pound. 

The upper curve of Fig. 3 indicates that the 
absorption maximum at 372.5 my without treatment 
with a reducing agent does not follow Beer’s law as 
well, and the measurement is less sensitive. 

With an ultraviolet spectrophotometer, it is quite 
probable that equal sensitivity could be achieved 
without adding the reducing agent. As shown in Fig. 
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4, both the cell effluent and Heller’s compound in an 
alkaline medium show increasing absorption below 
330 mu. Measurements down to 315 mu are shown, 
but these are not too reliable with the Model “B” 


< 


co 


© HELLER'S COMPOUND BOILED WITH NaOH TO RED 
@ FURTHER EVAPORATION TO PURPLE 
© CELL EFFLUENT EVAPORATED 


4 


WAVELENGTH - MILLIMICRONS 


Fig. 5. Changes in absorption as a result of heating in 
the presence of NaOH. 


T | 
100 Mg/t HELLER'S COMPOUND |_| 
WITHOUT 
=| 
TO LIGHT: \ 
FEW HOURS 
: @ 3 DAYS \ 
| 7 avs 
& 19 DAYS 
320 360 400 440 480 520 560 


WAVELENGTH - MILLIMICRONS 
Fic. 6. Effect of exposure to light on absorption curve 
of Heller’s compound in alkaline solution (no reducing 
agent added). 


T T T 
100 Mg/t HELLER'S COMPOUND 
/ WITH 
\ TIME OF EXPOSURE 
TO LIGHT: 4+ 
/ \ © | DAY 
} \ @ DAYS 


360 4 $40 580 


460 500 
WAVELENGTH - MILLIMICRONS 

Fig. 7. Effect of exposure to light on absorption curve 
of Heller’s compound in alkaline solution. Dithionite was 
added just prior to each series of measurements. 
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spectrophotometer (glass prism), requiring a very 
wide slit opening. Studies with an _ ultraviolet 
spectrophotometer might reveal the presence of other 
compounds similar to that isolated by Heller, but 
without the chromophoric quinone structure. 

With the ultraviolet spectrophotometer not avail- 
able, use of dithionite as a reducing agent and ab- 
sorbancy measurements in the visual range was most 
convenient. Measurements should be made within 
20 to 30 min after adding dithionite, since significant 
decreases in absorption have been observed after 2 
or more hours. The cell effluent should be protected 
from light prior to addition of the reducing agent 
and performing the measurements. 

Heller reported that the compound he isolated, 
when boiled with NaOH, behaves just as does cell 
effluent, developing a blue or purple color believed 
to be associated with the replacement of the chlorine 
atom by a hydroxyl group. Fig. 5 illustrates the 
changes in absorption. The effect of moderate heat- 
ing appears to be the development of a flat absorp- 
tion band at about 500 mu (red); with further evapo- 
ration an absorption band at about 575 my is evi- 
dent. Even moderate heating eliminates the peak 
at about 370 mug. 

Samples of cell effluent and of a synthetic solution 
of Heller’s compound in NaOQH-NaCl medium turn 
red on exposure to sunlight. This phenomenon was 
noted previously by Heller (2). Changes in the ab- 
sorption spectrum for various times of exposure 
(without addition of dithionite) are illustrated in 
Fig. 6. A broad absorption band was observed with 
a flat maximum at about 500 my accompanied by a 
decrease in absorption at 370 mu. The maximum at 
this latter wave length shifts slightly to shorter wave 
lengths and, after 19 days, the valley below 360 mu 
has essentially disappeared. The changes produced 
in the absorption spectrum by exposure to light ap- 
pear similar to those produced by mild heating. 

The effect of exposure to light on the absorption 
spectrum with reducing agent added is illustrated 
in Fig. 7. The general form is little changed, but the 
absorption peak is considerably reduced and shifted 
slightly (to about 475 mu). If absorption at 480 mu 
is characteristic of one form of the color compound, 


TABLE I. Effect of standing exposed to light of a solution of 
100 mg/l of the color compound in alkaline medium 


Na2S20, added 
Time in days 
A, at 480 mg/l 
0 0.680 100 
1 0.642 95 
3 0.573 84.5 
7 0.524 77.5 


COLOR COMPOLIND Ma/i 
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BRINE FEED CONCENTRATION - g/t NaCl 
NG N 
Ng 
aa 
3 \ 3 ry © VARIABLE CURRENT DENSITY 
@ VARIABLE BRINE CONCENTRATION 


180 220 260 300 
ANOLYTE CONCENTRATION g/L 


Fig. 8. Effect of anolyte chloride concentration on in- 
tensity of caustic color. 


> 


COLOR COMPOUND - 


0.06 0.10 0.14 
CURRENT DENSITY - amp/cm? 


Fic. 9. Effect of anode current density on intensity of 
caustic color. 


the decrease in concentration with time can be estab- 
lished (see Table I). 

It is presumed that the apparent decrease in con- 
centration represents not destruction, but trans- 
formation to another form which does not absorb at 
480 mu. 

From Fig. 3, absorption can be expressed in terms 
of concentration of color compound. This same pro- 
cedure was employed for certain of the older de- 
terminations made with a less selective photoelectric 
colorimeter, employing a plot of per cent transmis- 
sion against concentration of the color compound in 
NaOH-NaCl medium. With the older instrument, 
Beer’s law was not followed, because of the broad 
band of wave lengths of light used. 


DIscuUSsSION 


Laboratory diaphragm cell studies have confirmed 
Heller’s conclusion that the color compound is pro- 


8 14 


10 
TOTAL WEIGHT LOSS - g/1000 amp-hr 


Fic. 10. Relation of intensity of caustic color to rate of 
anode attack. 


COLOR COMPOUND - Mq/t 


TEMPERATURE - °C 


Fic. 11. Effect of anolyte temperature on intensity of 
caustic color. 


TABLE II. Comparison of anodes processed from various 
raw materials 


| Total weight Color 
loss compound 
G/KAH 
Standard graphite-high density... 6.41 25 
Pregraphitized coal............. | 7.88 36 


duced by oxidation of the graphite as indicated by 
the following observations. 

1. With a nongraphitic anode such as platinum, no 
color is produced. This eliminates other cell materials 
as a possible source of color. 

2. Spectroscopic purification of graphite does not 
decrease the amount of color compound produced, 
indicating that impurities in the graphite are not 
responsible. 

3. Color intensity has been found in general to 
increase with increased rate of attack on the graphite. 
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Fig. 8 illustrates the increase in color concentration 
with decreasing brine feed concentration, with feed 
rate held constant at 200 ml/hr, current at 11 amp, 
and temperature at 80°C. The curve for color com- 
pound concentration against anolyte NaCl concen- 
tration has essentially the same form. 

Fig. 9 shows the increase in color concentration 
with decreasing current density. Here the current 
was held constant at 11 amp, but the size of the 
anodes was varied from 5g XK 5g X 14 in. to 7 X 
7g X 4 in. Feed rate was constant at 200 ml/hr of 
concentrated brine and temperature at 80°C. 

Color concentration in the cell effluent for these 
two series is plotted against the total weight loss of 
graphite in Fig. 10. The general trend in both series 
for an increase in color concentration with increased 
rate of graphite attack is clearly evident. Cell tem- 
perature has quite a marked effect on color concen- 
tration, corresponding to an equally marked effect on 
rate of anode attack (see Fig. 11). 

There is considerable evidence that chemical 
oxidation may be an important factor in the produc- 
tion of the color compound. Thus, the compound has 


® These data show the effect of current density on the 
concentration of color compound in the catholyte effluent 
with composition of the anolyte and catholyte (with re- 
spect to NaOH and NaCl concentration) held constant. 
From the definition of current density (amperes per unit 
area) a decrease in current density means an increase in 
graphite area exposed to the anolyte per unit of current. 
If the alternative procedure of maintaining constant area 
of graphite and varying the current is employed, it is 
necessary that the feed rate be varied in direct proportion 
to the change in current, in order to maintain a constant 
composition of anolyte and catholyte. If current is in- 
creased, with less than a proportional increase in flow 
rate, the NaCl concentration of the anolyte will be de- 
creased and more migration and diffusion of hydroxyl ions 
from catholyte to anolyte will occur. The effect of such 
changes in the anolyte on the production of color com- 
pound could readily mask the effect of a decreased area of 
graphite per unit of current. 
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been produced by oxidation of graphite particles 
with a hypochlorite solution without current, the 
reddish-brown color developing on addition of alkali 
and dithionite to the supernatant solution. 

The increased graphite attack with decreasing 
current density is believed to be associated with an 
increased amount of chemical oxidation as discussed 
previously (6). However, the evidence is certainly 
not sufficient to permit the statement that chemical 
oxidation is solely responsible, and a similar colored 
compound has been found to be formed when graph- 
ite is employed as anode in a sodium carbonate elec- 
trolyte. It would be difficult to explain the color 
formation in such an electrolyte by chemical oxida- 
tion alone. 

With treated graphite, color concentration in the 
cell effluent is markedly lower, of the order of 5 mg/l 
as compared to 40 mg/l for untreated stock. This is 
believed largely a result of the protection afforded 
by the treatment against internal attack (chemical 
oxidation). 

Table II shows that the use of less graphitic raw 
materials for the anode, such as lampblack or char- 
coal, gives increased color concentration in the cell 
effluent. It can be speculated that the smaller crys- 
tallite size results in a greater exposure of surface 
for the specialized mode of oxidation which leads 
to the formation of the color compound. 


Any discussion of this paper will appear in a Discussion 
Section to be published in the June 1956 JouRNAL. 
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The Influence of a Surface Active Agent on the 
Electropolishing of Copper' 


K. F. Lorkine 


Corrosion Group, Aeronautical Research Laboratories, Department of Supply, Melbourne, Australia 


ABSTRACT 


Previous work has shown that surface active agents can improve the finish obtained 
on copper electropolished in orthophosphorie acid solutions, and this beneficial action 
is examined in greater detail. The evidence indicates that the cationic surface active 
agent cetyl trimethyl ammonium bromide is adsorbed at both the anode surface and on 
the walls of oxygen bubbles. These factors are shown to account for the improvement 
in the micropolishing characteristics of the bath and in the reduction in the size of the 
pits formed on the anode during slow oxygen evolution. 


INTRODUCTION 


Research on the use of surface active agents in 
electropolishing baths was reported by Sparks (1) 
who showed that the presence of such agents could 
increase the “throwing power” of the bath. This 
work was confirmed by Tajuna and Mori (2) dur- 
ing experiments on the electropolishing of nickel. 
More recent work (3) has shown that the addition 
of the correct concentration of certain surface active 
agents improves the finish of the region of medium 
current density polishing produced on copper 
anodes in orthophosphoric acid solutions. The main 
effects are: 

(A) The “throwing power” of the bath, i.e., the 
ability to produce continuous polishing over an 
anode placed at an acute angle to the cathode, is 
increased. 

(B) The reflectivity of the polished surface is in- 
creased. 

(C) The size of the surface mounds, produced as 
slow oxygen evolution commences, is greatly de- 
creased. 

These factors produce a general improvement in 
the electropolished surface, and the present paper 
describes work undertaken to determine the mech- 
anism by which this occurs. Experiments were car- 
ried out on copper in orthophosphoric acid solutions, 
and the surface active agent chosen for examination 
was cetyl trimethyl ammonium bromide (subse- 
quently referred to as C.T.A.B.) which was available 
in purified form, and which was known to improve 
the finish obtained on copper anodes (3). 


EXPERIMENTAL METHOD 


It is known (4, 5, 8, 9) that the anodic surface 
finish obtained in an electropolishing bath depends 
on the characteristics of the anode layer and the 


1 Manuscript received July 16, 1954. 
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anode surface film. Hence, the first step in deter- 
mining the mechanism of the improvement produced 
in electropolishing by surface active agents was to 
determine whether such agents were adsorbed on the 
anode surface. This was investigated by the follow- 
ing three methods: (a) by observing the influence of 
increasing concentration of surface active agent on 
the finishes obtained on plates from Hull cell tests; 
(b) by measuring and comparing anode potential- 
current density relationships in solutions of gradually 
increasing concentration of surface active agent; and 
(c) by measuring the contact angles between the 
anode and a series of freshly blown bubbles pressed 
onto the surface. Such measurements were made for 
a number of values of the cell current between zero 
and that causing rapid oxygen evolution. 

An important influence of suitable surface active 
agents in electropolishing solutions is to decrease the 
size of the mounds produced on the anode surface 
during oxygen evolution. These mounds have been 
shown (6) to be due to oxygen bubbles remaining for 
a significant period on the anode surface. Direct ex- 
perimental investigation of the effect of surface active 
agents on the behavior of bubbles formed on the 
anode surface is difficult, so the following indirect 
methods were used, 

(A) The effect of concentration of surface active 
agent on the surface tension of orthophosphoric acid 
was determined in an attempt to indicate the con- 
centration of surface active agent at which significant 
adsorption occurred on oxygen bubbles. 

(B) The effect of ageing a bubble in the solution 
on the contact angle between bubble and anode sur- 
face was determined. 

(C) The effect of concentration of surface active 
agent on the size and speed of release of oxygen bub- 
bles formed on the anode surface was determined 
qualitatively. 

The solutions used in this work consisted of ortho- 
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phosphoric acid containing gradually increasing 
concentrations of C.T.A.B., prepared in the follow- 
ing way. A large quantity of orthophosphoric acid 
solution containing 581.9 g/l orthophosphoric acid 
was made up from May and Baker’s orthophosphoric 
acid (sp gr 1.75) and distilled water, using a Griffin 
and Tatlock hydrometer to determine when the re- 
quired specific gravity of 1.293 had been reached. A 
solution was then prepared containing 10 g/l 
C.T.A.B. (produced from cetyl alcohol purified by 
fractional distillation) in orthophosphoric acid. 
Solutions of orthophosphoric acid containing the re- 
quired amounts of the surface active agent could then 
be prepared. 


EXPERIMENTAL RESULTS 
Adsorption of Surface Active Agents at Anode 


(a) Hull cell experiments.—Experimental verifica- 
tion was first made of the fact that C.T.A.B. pro- 
duces a beneficial effect on the electropolishing of 
copper in orthophosphoric acid solution. Hull cell 
experiments showed that the electropolished surface 
was improved, and the “throwing power’ of the 
bath was increased, by the addition of surface active 
agent over the range of concentration 0.002—0.005 
g/l. At concentrations smaller than 0.002 g/l, 
mounds were produced at the commencement of slow 
oxygen evolution, and this effect reappeared and 
became more pronounced in the concentration range 
0.005-0.1 g/l of surface active agent. Higher current 
densities at the latter concentrations resulting in 
rapid oxygen evolution caused the formation of 
furrows in the specimen surface. These effects are 
shown diagrammatically in Fig. 1 and 6. The dia- 
grams show the appearance of the immersed sections 
of “Hull” cell plates after being used as anodes in 
the phosphoric acid solutions. 

(b) Measurement of anode potential-current density 
relationships.—The apparatus used consisted of two 
copper electrodes in a cubic glass cell 1'% in. high. 
The 1 in. x 1 in. anode rested on the bottom of the 


DECREASING ANODE— CATHODE DISTANCE 


ELECTROLYTE 
= Va 


Fig. 1. Sequence of finishes on vertical copper 
anode placed at acute angle to cathode in Hull cell, using 
orthophosphorie acid electrolyte. The voltage across the 
cell was 6 v, the current 3 amp, and the average current 
density 1.5 amp/in.*?. E—electroetched surface; B.P.— 
bright polish; §8.8.—smooth surface; P.S.P. —polished 
surface, pitted by slow oxygen bubble evolution; P.S.S8S.— 
polished surface, streaked by bubbles; P.S.H.S.—polished 
surface, heavily streaked. 
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CURRENT DENSITY 


DISTANCE ALONG ANODE 


Fic. 2. Diagram showing current density distribution 
along Hull cell. The form of this graph was calculated by 
measuring the anode potentials corresponding to the vari- 
ous finishes while the cell was working, and determining 
the current densities corresponding to these potentials 
from current density-anode potential relationships de- 
termined for copper in an identical electrolyte. 


cell and the 13¢ in. x 13¢ in. cathode was fixed hori- 
zontally at a distance of 34 in. from the anode. Cop- 
per wire leads were welded to the electrodes and 
covered with several coats of lacquer. Current was 
supplied to the cell from a 6 v accumulator and 
regulated by suitable controls. The tubulus of the 
reference electrode projected through a hole in the 
center of the cathode so that the open end was within 
1g in. of the anode surface. 

The anode was subjected to an anodic current of 
1 amp/in.* in orthophosphorie acid before each ex- 
periment. This standard treatment was necessary, as 
it was found that the anode potential-current density 
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Fic. 3. Current density anode potential characteristics 
of copper in orthophosphoric acid solutions containing 
various C.T.A.B. concentrations. @—581.9 g/l orthophos- 
phorie acid; A—581.9 g/l orthophosphorie acid with 0.001 
g/l C.T.A. ; O—581.9 g/l orthophosphorie acid 0.005 g/l 
C.T.A.B.; ©—581.9 g/l orthophosphorie acid with 0.01 
g/l C.T. A. B: ; O—581.9 g/l orthophosphoric acid with 0.1 
C TAB. 
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relationship over the entire range of potentials was 
dependent on the initial state of the surface. The 
effect of surface active agent on the anode potential- 
current density relationship is shown in Fig. 3. 
The addition of as little as 0.001 g/l of C.T.A.B. 
decreased the potential corresponding to oxygen 
evolution. This effect tended to become more marked 
as the concentration of surface active agent was in- 
creased, indicating that the oxygen overvoltage on 
copper in orthophosphoric acid is decreased by the 
presence of surface active agent. 

(c) Measurements of contact angles of bubbles on anode 
surfaces.—These experiments were made in an ap- 
paratus based on that devised by Taggart, Taylor, 
and Ince (7) for the measurement of contact angles 
on mineral surfaces for flotation studies. The elee- 
trolytic cell was the same as that described in the 
previous section except that a hole was drilled 
through the cathode so that a glass capillary, through 
which air could be bubbled, could be brought near 
the anode. The cell rested on an adjustable platform 
attached to a vertical stand immediately to the left 
of the camera, and the magnified image of the anode 
surface, air bubble, and the end of the capillary 
could be focussed on the ground glass screen at the 
rear of the camera (see Fig. 4). The contact angle 
between the bubble and the anode surface was 
measured from this image, using a transparent pro- 
tractor, after tapping the cell to insure that the 
equilibrium angle was obtained. 

The results are given in Table I. It is necessary to 
emphasize that it is impossible to measure accurately 
contact angles of less than 10°, and such angles could 
only be reported as ‘“‘small.”’ 

At cell voltages below 1.5 v, etching took place; 
at higher voltages polishing occurred. 

It was found that, as the concentration of surface 
active agent was increased, it was often impossible 
to make contact using bubbles which had ‘‘aged”’ in 


CAPILL ARY 
TUBE 
ELECTROLYTE 


ANODE SURFACE 


Fic. 4. Contact between air and anode surface 


TABLE I. Effect of C.T.A.B. concentration on contact angle 


Concentra-| Current | Cell 


| Contact angle 
0 20 «1.3 0) 
232 1.2 0 No ‘tendency for bubbles 
266 2.0 0} to adhere to anode sur- 
286 2.5 face 
204 | 2.5 0, 
0.001 | 0 0 20° 
200 2.4 0 
200 2.6 0 
0.002 0 0 50° 
135 | 1.3 25° 
150 Tee 10° 
160 | 2.6 Small 
0.00225 0 | 0 65° 
150 «1.5 10° 
200 2.0-2.3 Small 
200 | 2.6 Small 
0.003 | 0 0 10° 
200 1.2 Small 
| 225 rs Small 
300 1.6 Small 
2.2-2.5 | 10° 


solution for short periods, viz., 30 sec, so that it 
was necessary to blow the bubble directly onto the 
anode surface. 

The results given in Table I indicated that sur- 
face active agent was adsorbed onto the copper sur- 
face and remained adsorbed up to quite high anode 
potentials. Further experiments showed that the 
surface active agent could remain adsorbed on the 
anode surface while polishing was proceeding, i.e., 
at cell voltage above 1.5 v (see Table II), but was 
gradually desorbed. It is possible that the positively 
charged C.T.A.B. ions were repelled from the anode 
surface, also that the cupric ions formed complex 
ions with the C.T.A.B. ions, which are substituted 
ammonium ions. Renewal of the solution or agitat- 
ing the anode caused further adsorption of surface 
active agent. 


Effect of a Surface Active Agent on Bubble 
Formation and Release 


Surface tension measurements.—A determination 
was made of the effect of C.T.A.B. on the surface 
tension of orthophosphoric acid. The measurements 
were made by means of a Du Noiiy tensiometer 
with a platinum ring. All glassware and the ring 
were cleaned with hot chromic acid and thoroughly 
washed with distilled water before making measure- 
ments. It was found that the surface tension values 
for the C.T.A.B. solutions decreased slowly, indi- 
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TABLE II. Change of contact angle with time 


Current density was 300 ma/in.? and the solution con- 
tained 0.01 g/l C.T.A.B. 


| 


Time (sec) Voltage (v) Contact angle 
30 1.3 40 
90 | 1.5 | 40 
150 1.6 40 
210 — Small 
270 2.5 50 
330 2.5 Small 
390 2.5 Small 
“~ 
= 70 
i 10 
0.005 0-05 Ou 


CONCENTRATION OF CTAB 


Fia. 5. Effect of C.T.A.B. concentration on the surface 
tension of orthophosphoric acid solution. 


cating a slow increase of adsorption of C.T.A.B. at 
the interface. For example, when the C.T.A.B. 
concentration was 0.002 g/l the surface tension 
decreased from 70 to 62 dynes/em in 10 min. Read- 
ings were therefore taken over a period of 10 min 
at 2-min intervals, and the mean result taken. 
With higher C.T.A.B. concentrations this effect was 
much less pronounced. This increasing adsorption 
of C.T.A.B. at the air-water interface was also noted 
during the contact angle measurements. Results 
are presented in Fig. 5 and show that the critical 
concentration (i.e., that corresponding to micelle 
formation) of C.T.A.B. in orthophosphorie acid is 
0.01 g/l. 

Influence of bubble ‘age’ and concentration of 
surface active agent on the contact angle formed by a 
bubble pressed on the anode surface—If a bubble 
was kept “ageing” in the solution for a period be- 
fore being pressed against the anode surface, or if 
the concentration of C.T.A.B. in the solution was 
increased, then the amount of adsorption of surface 
active agent on the bubble wall was increased, and 
it became more difficult to make contact between 
the bubble and the anode surface. When the con- 
centration of C.T.A.B. reached 0.003 g/l the rate 
of adsorption on the bubble was rapid, and it be- 
came more difficult to make bubble to anode con- 
tact. 

Influence of surface active agent on bubble re- 
lease.—It was noted that only very small oxygen 
bubbles were present on the anode surface with 
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0.001-0.005 g/l C.T.A.B. in the electrolyte, and 
these were rising freely from the anode surface. 

Further Hull cell experiments.—A series of tests 
carried out with a surface active agent containing 
two ammine groups? showed that the effects of al- 
terations in the concentration of this addition agent 
were very similar to those noted with C.T.A.B. 
Optimum electropolishing was obtained at the 
critical concentration (0.01 g/l) in the orthophos- 
phoric acid bath. 

When amyl! xanthate was studied, it was found 
that at relatively high concentrations ($0.05 g/l) 
xanthate was adsorbed on the anode surface and sub- 
sequently oxidized to form a yellow film (probably 
consisting of dixanthogenc) which partially passi- 
vated the electrode surface. Unfilmed areas were 
electropolished. Using 0.0025 g/l of xanthate the 
same sequence of finishes was obtained as in the 
absence of the xanthate, but the quality of the elec- 
tropolishing was significantly improved. 


DIscUSSION 


The experiments described in this paper show that 
addition of the correct quantity of C.T.A.B. to 
orthophosphoriec acid solutions used as electrolytes 
for electropolishing copper has two main effects on 
the anodic finish obtained. First, a brighter polish 
was obtained, and second, the size of the mounds 
produced on the anode surface during slow oxygen 
evolution were reduced in size and number, giving 
an effective increase to the throwing power of the 
bath when using medium current density polishing. 

The results of contact angle measurements showed 
that surface active agent was adsorbed on the copper 
surfaces before current was passed across the cell, 
and that significant quantities of the surface active 
agent remained adsorbed on the surface for a sig- 
nificant period while current was passing across the 
surface. 

Results of other work indicate that as oxygen 
bubbles were formed on the anode surfaces, ad- 
sorption of surface active material occurred on the 
bubble walls. It is now necessary to consider how 
adsorption of C.T.A.B. on the anode surface and 
adsorption of the surface active agent on bubble 
walls could produce better anodic finishes. 

It is considered (4, 5, 8, 9) that, in the electro- 
polishing process, the polishing action is set up by 
an anode layer and an anodic film. 

The anode layer is a layer of electrolyte, whose 
thickness is considerably greater than the wave 
length of the electrode profile for successful elec- 
tropolishing to take place (10). The anode film is a 
thin layer of solid material or adsorbed atoms or 


? Duomeen S, Armour & Co., Chicago, Illinois. 
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Fic. 6. Effect of C.T.A.B. on finishes produced on 
copper anodes, as shown by plates from Hull cell tests. I— 
581.9 g/l orthophosphorie acid; Il—same as I with 0.001 
g/l C.T.A.B.; III—same as I with 0.002 g/l C.T.A.B.; 
IV—same as I with 0.005 g/l C.T.A.B.; V—same as I with 
0.01 g/l C.T.A.B.; VI—same as I with 0.1 g/l C.T.A.B. 


molecules (4, 5). The polishing action is considered 
(8-11) to be due to a diffusion-controlled anodic 
solution process being set up through the anode 
layer and film. 

It is thought probable that adsorption of surface 
active agent on and close to the anode surface could 
help to control ion diffusion processes in two ways: 
by mechanical blocking, and by replacement of 
water molecules in this region. The latter process 
may affect the dielectric constant of the medium 
and lower the number of water molecules available 
for solvating cations, hence lower the rate of diffu- 
sion of cations away from the anode surface. 

The next question to be discussed is the influence 
of adsorption of C.T.A.B. on bubbles formed on 
anode surfaces during electropolishing. It has been 
found (6) that the protuberances surrounded by 
depressions which form on the anode surface are 
due to oxygen remaining on the surface for a period, 
there influencing the rate of anodic solution. The 
present work shows that adsorption of C.T.A.B. 
takes place on the bubble walls and this would be 
expected to accelerate the removal, by its bouyancy, 
of the bubble, due to the lowering of the surface 
tension at the air water interface by C.T.A.B. ad- 
sorption. [The force necessary to remove a bubble 
from contact with a solid surface is (12) T(1 — cos 
6), where T is the surface tension of the liquid, and 
6 is the equilibrium contact angle.] 

The effect of high C.T.A.B. concentrations is to 
increase adhesion of oxygen bubbles to the surface, 
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as indicated by results shown in Fig. 6. When the 
C.T.A.B. concentration is increased to 0.01 g/l, 
bubbles formed as slow oxygen evolution commences 
adhere sufficiently long to cause pitting; if’ the con- 
centration is increased to 0.1 g/l, the pitting is 
more evident, and the bubbles cling to vertical 
bubble-paths and produce deep grooves by prevent- 
ing adequate anode layer formation. 

Therefore, when the concentration of surface 
active agent becomes high enough, ie., S 0.01 
g/l, for a significant quantity to remain on the 
anode surface at anode potentials positive enough 
to cause oxygen evolution, then the adhesion of the 
bubbles to the anode surface will become greater 
than in the absence of surface active agent. This 
change is due to the contact angle of the bubble 
formed on the anode surface increasing as the sur- 
face becomes more paraffinic in nature. Such a 
change is not indicated by contact angle measure- 
ments as the test bubble armored too rapidly for 
ready contact. 

Finally, it is necessary to discuss the choice of the 
correct type of surface active agent to add to a pol- 
ishing bath for a particular metal. In order to im- 
prove the surface finish obtained in aqueous electro- 
polishing baths, there are two main objectives, as 
set out in the following paragraphs. 

To reduce the size and number of mounds formed 
during oxygen evolution, it is considered that the 
addition of the critical concentration of the majority 
of long chain surface active agents will achieve this 
effect by causing the early release of oxygen bubbles 
from the anode surface. 

To decrease the micro-irregularities and increase 
the brilliance of the finish, it is considered that it is 
necessary to achieve uniform formation and dif- 
fusion of cations from the anode surface, on a micro- 
scale. It is probable that addition of the critical 
concentration of the correct type of surface active 
agent contributes to this control, at least for the 
system copper in phosphoric acid. It is difficult to 
indicate which surface active agent will give satis- 
factory results. A surface active sulfate (3), ammine, 
and diammine, also potassium amyl xanthate have 
been shown to improve the electropolished surface 
obtained on copper in orthophosphorie acid. 

The results obtained using xanthate also indicate 
that this agent was adsorbed on the anode surface, 
and substantiate the theory that adsorption of or- 
ganic ions on or at the anode surface during electro- 
polishing can take place. 


CONCLUSIONS 


It is believed that the addition of C.T.A.B. has 
two beneficial influences on the electropolishing of 
copper in orthophosphoric acid solutions. First, 
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the C.T.A.B. is adsorbed on the anode surface and 
supplements the action of the normal anodic film 
in improving the micropolishing action of the bath. 
Second, the C.T.A.B. is adsorbed on the surfaces of 
oxygen bubbles and accelerates their release from 
the anode surface, which markedly decreases the 
size of the pits formed. 
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Any discussion of this paper will appear in a Discussion 
Section to be published in the June 1956 JouRNAL. 
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Mechanisms of Hydrogen Producing Reactions on Palladium’ 


JAMES P. HOARE AND SIGMUND SCHULDINER 


Naval Research Laboratory, Washington, D. C. 


ABSTRACT 


The hydrogen overvoltage on palladium in H.SO, and H.SO; + Na.SO, solutions was 
determined. Data showed that the overvoltage curves could be divided into three con- 
secutive regions: (A) was linearly dependent on 7; (B) there was a Tafel relationship 
between 7 and 7 in which the b slope, depending on the pH of the solution, was equal to 
0.030 to 0.042; (C) depending on the pH of the solution, there was either a Tafel relation- 
ship between 7 and 7 with a b slope of 0.12, or n was virtually independent of 7. 

Hydrogen overvoltage mechanisms were postulated for each of these regions. 


INTRODUCTION 


The study of hydrogen overvoltage on palladium 
is complicated by the high solubility of hydrogen in 
this metal. Compared to the platinum cathode, 
Pt(H:)/H*+, the palladium cathode may be repre- 
sented by PdH,(H:)/H*. The palladium-hydrogen 
system can exist in two distinct crystallographic 
phases (1) which are referred to as the a and 8 
phases. 

In this investigation the palladium cathode was 
initially saturated with hydrogen by cathodizing 
at a high current density. This converted the 
cathode to a 8-palladium-hydrogen system. The 
hydrogen overvoltage was then measured over a 
current density range in which this electrode system 
was maintained. 


EXPERIMENTAL METHOD 


The experimental method was essentially the 
same as in reference (2) except that palladium 
(99.7-+ % pure) was substituted for the platinum 
cathode. For data reported here the temperature 
was maintained at 39 + 1° C. In addition, pre- 
liminary data were also obtained at 25 + 1°; this 
work was not completed, but the results did agree 
satisfactorily with those of the higher temperature 
work. The temperature coefficient was too small to 
determine the activation energy. 

The palladium cathode was activated differently 
from the platinum one. For solutions containing 
sodium sulfate, the palladium electrode was 
anodized at 10 ma for 30 min; for the more acid 
solutions it was anodized at 5 ma for 15 min. In all 
cases the electrode was then cathodized at 50 ma 
for at least 30 min before the run was started. At 
the start of the run the current was lowered to about 
5 ma and was kept at this value until a steady-state 
reading was obtained. The current was then lowered 
by convenient increments, and overvoltage measure- 


‘ Manuscript received October 25, 1954. 
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ments were taken. After the minimum current was 
applied the current was increased stepwise to the 
highest value at which reliable results could be ob- 
tained. Measurements for at least three such cycles 
were recorded. All recorded overvoltage measure- 
ments were corrected for solution JR drop, and 
concentration polarization was kept at a minimum 
by vigorous stirring with a stream of hydrogen. 

According to Smith (1), the solid binary alloy, 
palladium-hydrogen, is produced by the diffusion of 
hydrogen into the already crystalline metal. The 
solid phases are a result of the expansion of the 
face-centered cubic lattice of palladium. The a- 
phase is formed by an expansion from the lattice- 
constant value for pure palladium of 3.883 A to 
an only slightly higher value of about 3.894 A. At 
room temperature, after absorption of some 30 
relative volumes of hydrogen, the lattice becomes 
unstable and some of the crystal grains expand to a 
new, stable 8-phase whose lattice-constant is about 
4.02 A. When the ratio of hydrogen to palladium is 
equal to about 0.6, all of the palladium is in the 
B-phase. 

In this investigation, the palladium electrode was 
cathodized at a high current density so that it would 
be completely converted to the 6-phase. During the 
lowering of current, care was taken not to reach a 
current density so low that there would be an ap- 
preciable reversion to the a-phase.2 The B — a 
transition was evident by a gradual lowering of 
potential with time. Once the transition current was 
reached and the a and 8 phases were simultaneously 
present, the potential was time dependent and 
would become more positive as the ratio a/8 in- 
creased, until a potential 50 mv positive to the 


* Hanawalt (3) cathodically charged palladium in weak 
sulfuric acid solution at 0.0001 amp/em? (20°) and found 
that the lattice-constant of the resulting palladium-hydro- 
gen alloy was equal to 4.017 A. This corresponded to the 
8-phase. The minimum current density used in obtaining 
overvoltage data was about 0.001 amp/em?. 
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Fic. 1. Anomalous hydrogen overvoltage measurements 
owing to ruptured palladium cathode (in 2N H.SO,). 


reversible hydrogen electrode in the same solution 
was reached. This was shown by Stout* (4) who 
found that when the hydrogen-palladium atomic 
ratio is less than 0.35, the palladium potential was 
positive to the reversible hydrogen electrode. This 
transition was slow, but usually took place over- 
night. If a clean palladium electrode which had not 
been cathodized previously was placed in an acid 
solution which was saturated with hydrogen, its 
potential was also 50 mv positive to a hydrogen 
electrode in the same solution. Similar results were 
obtained by Stout (4), and Hitzler and Knorr (6). 
It is believed that this potential represents palla- 
dium in the a-phase. When such an electrode was 
polarized at low current densities, the polarization 
potentials were lower than the potentials for 6- 
palladium. 

The palladium electrode was prepared by melting 
the end of a palladium wire with an oxy-gas flame. 
The apparent area of the beads ranged from 0.03- 
0.05 em*. It would have been very difficult to deter- 
mine the true area of these electrodes, as was done 
for platinum (7), because of the area changes which 
took place during polarization. In most cases a 
newly prepared palladium bead was used for each 
overvoltage determination. These beads were ini- 
tially bright and smooth; at the end of a run they 
were somewhat roughened and grayish in color. For 
a normal run there was no evidence of cracking or 
deep pitting of the cathode. However, with extensive 
cathodic polarization, deep pits, cracks, and blisters 
were evident. Electrodes which underwent such 
treatment gave abnormal results. A typical plot of 


3 Several investigators (5) have shown that 8-palladium 
is stable with respect to a@-palladium at room temperature 
and a hydrogen partial pressure of one atmosphere. This 
work was all done in the absence of solution. In the presence 
of an aqueous solution of hydrogen ions, as was the case in 
this investigation, the stability of the beta phase with 
respect to the alpha phase was evidently altered. 
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such an electrode, compared with that of a normal 
run, is shown in Fig. 1. These anomalous results 
were interpreted as concentration polarization ef- 
fects which took place in the ruptured areas. For 
high pH solutions cracking and pitting occurred so 
slowly that the same bead could be used for several 
runs, but for low pH solutions the effects were 
more serious, and a new bead was prepared for 
each run. 

The initial cathodic treatment at 50 ma roughened 
the surface to such an extent that for the 7 vs. log 7 
relationship there was an insignificant area change 
during a single run. The surface cleanliness of the 
palladium bead was determined both by pseudo- 
capacitance measurements (7) and by the tests 
listed in reference (2). 


RESULTS 


Fig. 2 shows curves for the palladium-hydrogen 
overvoltage, 7, vs. log of apparent current density, 
i, in the indicated solutions. The points given are 
average readings for the given current density. The 
actual maximum spread for each point is +2.5 mv. 

In Fig. 2a are shown curves representing the pH 
range, 0.84-1.8 (same palladium bead used for all 
curves). These curves are divided into three regions. 
The first region, at the lowest current densities, 
shows a linear relationship between current density 
and overvoltage. The middle region shows a linear 
relationship between » and log i with Tafel b slopes 
progressing from 0.030 at pH 1.8 to 0.042 at pH 
0.84. The third region, at the highest current den- 
sities, also shows a linear relationship between y and 
log 7, but with a b slope of about 0.12. The more 
acid solutions shown in Fig. 2b and Fig. 3 also in- 
dicate three ranges, the first two sections being 
essentially the same as for the pH 0.84 curve in 
Fig. 2a. However, the third section, at the highest 
current densities, flattens out and in this range 7 is 
virtually independent of current density. This 
corroborates the results of Clamroth and Knorr (8) 
who, in a study of hydrogen overvoltage on palla- 


Fic. 2a. Hydrogen overvoltage on palladium. O—0.065N 
H.SO, + 1N NaSO,, pH 1.8; A—0.202N H.SO, + 1N 
NaSO,, pH 1.58; ©—0.376N H.SO, + 0.7N NaSO,, pH 
1.15; D—0.514N H.SO, + 0.5N Na.SO,, pH 0.84; V—1.05N 
H.SO,, pH 0.40. 
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Fic. 2b. Hydrogen overvoltage on palladium. —3.45N 
H.SO,; A—2.40N H.SO.; X—5.10N H.SO,; O—1.05N 
H.SO,. 
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Fig. 3. Salt effect on hydrogen overvoltage 


dium in 2N sulfuric acid solution, found that over- 
voltage was independent of current density after a 
similar limiting overvoltage was reached. They 
claimed that this limiting value of overvoltage 
remained constant to current densities as high as 
50 amp/cm?. 

Fig. 3 shows the effects of adding 0.5N sodium 
sulfate to 1 and 2N sulfuric acid solutions. For the 
IN sulfuric acid solution a weighed amount of 
sodium sulfate was added to the cell after the over- 
voltage curve for the pure acid was obtained. 


Discussion 


By the use of the interrupter technique (7) the 
current could be cut off in an interval of 5 K 107° 
sec. The potential-time trace observed on the 
oscilloscope showed a rectangular pulse without 
rounding off and with a flat top {as in reference 
(7), Fig. la]; however, there was a small ringing 
effect on the leading edge. This was the result of a 
small a-c voltage component which was caused by 
the hydrogen bubble formation at the electrode 
surface. The rectangular pulse showed that there 
was initially a very rapid (faster than 5 X 10~ sec) 
potential decay which was due to the JR drop from 
the reference electrode to the double layer at the 
cathode interface. This interpretation is supported 
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by the existence of a linear (ohmic) relationship 
between this potential decay and current. 

The absence of a measurable polarization decay 
during an interruption interval of about ‘1000 usec 
showed a pseudocapacitance effect which is normal 
for such a reversible-electrode system. 

These results contradict the contention of Frum- 
kin and Aladjalova (9) and Knorr and coworkers 
(6, 8) that the overvoltage on palladium can be 
divided into a rapidly decaying component which 
they call m and a slowly decaying component, np. 
The initial rapid drop in potential (their m) is 
merely an ohmic /R drop, the slow potential decay 
(their m2) is the total hydrogen overvoltage y. In 
fact, Knorr {reference (10), Fig. 2] found a linear 
relationship between m and current density; how- 
ever, he did not interpret this as a purely ohmic 
drop. 

Since the overvoltage curves for palladium can 
be divided into three regions, each of these are dis- 
cussed separately. 

Region in which » = a — i/k.—In this zone there 
is an appreciable reverse reaction taking place. Fig. 
4 shows a plot of overvoltage as a function of cur- 
rent density at low current densities. The data are 
taken from a smooth curve drawn through the 
points shown in Fig. 2a. The relationship between 
the rate constant, k = di/dn, and pH is shown in 
Fig. 5. This relationship can be expressed as: 

—(di/dn) pw 0418 = 4.07 — 1.96 pH (1) 
Similarly, for a platinum cathode (2): 

—(di/dn) px o5-2.7 = 0.165 — 0.052 pH (II) 
A comparison of these relationships shows that the 
rate of change of the rate constant k with pH 
(dk/dpH) for the reversible hydrogen reaction near 


equilibrium is greater by a factor of about 38 on 
6-palladium than on platinum. This is a qualitative 
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Fic. 4. Hydrogen overvoltage in the range in which 7 
is linearly dependent on current density. (See Fig. 2a for 
solution composition for given pH values.) 
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comparison only since the current density on the 
platinum electrode was corrected for the true area, 
whereas this was not done for palladium. 

The zero intercept, a, shown in Fig. 4 is 0.0044 v. 
This is presumably the extrapolated open circuit 
potential of the 8-palladium electrode vs. the hy- 
drogen electrode in the same solution. The £6- 
palladium electrode is a reversible hydrogen elec- 
trode but is not equivalent to the reversible 
hydrogen electrode on platinum. It is suggested 
that this is because the hydrogen solubility in 
6-palladium gives, in effect, a hydrogen partial 
pressure slightly higher than atmospheric. Since the 
minimum ratio of hydrogen to palladium for the 
B-phase is about 0.6, the 8-palladium hydrogen 
alloy can be represented by PdHo.. This formula 
does not necessarily represent a hydride formation; 
however, it has been shown both theoretically and 
experimentally (1, 4, 11) that one hydrogen solution 
process ceases at about H/Pd = 0.6. Above this 
ratio the dissolution of hydrogen becomes more 
difficult, but a hydrogen-palladium ratio of ap- 
proximately | can be reached. 

Region in which n = a — (0.030 to 0.042) log i.— 
Fig. 2 shows a transition from a Tafel b slope of 
0.030 at pH 1.8 to 0.042 in strong sulfurie acid 
solutions. The 0.030 slope indicated that the reac- 
tion mechanism is: 


H,O* + + e = (PdHo.«) + 


slow (11D) 
(PdHo«) —H —— + PdHo.« 


Such a mechanism in which the rate-controlling 
step is the combination of hydrogen atoms gives the 
Tafel equation: 


n = a — 23(RT/aF) logi (IV) 


where a = 2 (the other symbols have their usual 
meaning). At 39°C, 23(RT/2F) = b = 0.0309. 
This is the slope which was obtained experimentally 
in the pH region 1.58-1.8. 

The 0.040-0.042 slope for pH values $0.84 in- 
dicates that the reaction mechanism is: 


H,0+* + PdHo« + —H + H.O 


slow 
—H + H,O+ +e —— (V) 
H. + H.O + PdHo.« 


For such a mechanism in which the rate-controlling 
step is the electrochemical discharge, and the 
polarization is not far displaced from the equilibrium 
potential, a in the Tafel equation equals 3/2 (12). 
At 39° C, b = 0.0412. 

These results clearly indicate that both mecha- 
nisms (IIT) and (V) are occurring on the palladium 
cathode at all pH values. However, at high pH 
values the hydrogen ion concentration in the double 
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layer is relatively low, so most of the current goes 
into mechanism (IIT). At low pH the hydrogen ion 
concentration is high enough that mechanism (V) 
is predominant. 

In the intermediate range (about pH 1.15) both 
mechanisms can be assumed to occur at about the 
same rate. This results in a slope such that b is 
between 0.03 and 0.04. 

Region in which n = a — 0.12 log 7 or y is nearly 
independent of i.—Fig. 2 shows that from pH 0.84- 
1.8 the b slope is equal to about 0.12. This indicates 
that the rate-controlling reaction mechanism is: 


slow 


+ (PdHo.«) + e 
(PdHo..) -H + OH- (VI) 
(PdHy»..) —H PdHpo« 


The reason water is assumed to be the primary 
reactant rather than hydronium ion has been dis- 
cussed in detail earlier (2, 7). The a for mechanism 
(VI) is equal to 44 which results in b = 0.1235 
at 39° C. 

At pH values lower than about 0.8 and at over- 
voltages of about 50 mv, 7 is virtually independent 
of current density; this is true whether or not 
sodium ion is present (Fig. 2 and 3). A possible 
explanation is that for these higher acid concentra- 
tions there is saturation of the 8-palladium with 
atomic hydrogen at the levelling off point. Under 
these conditions (1), the hydrogen-palladium ratio 
is approximately 1, and the lattice-constant is at 
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Fic. 5. Effect of pH on the rate of the over-all hydrogen 
producing reaction in the range in which 7 is linearly de- 
pendent on current density. 


| 
its 
ab 
dr 

] 
Tl 
Wi 
tr 
sy 
be 
Wl 
th 
co 
m 
ra 
pl 
i0 
i0 
ac 
‘ hi 
- 
2 
N 
| 


ogen 
de- 


Vol. 102, No. 8 


its maximum (about 4.06 A). At current densities 
above this limiting value, the mechanism for hy- 
drogen production may be represented by: 


(Pd Ho 6) — Hsat’a. 


tH. + H.O (VID) 


The cathode material is now completely saturated 
with atomic hydrogen and is in effect a new elec- 
trode system at equilibrium. For such a reversible 
system near equilibrium there is a linear relationship 
between n and 7: 


t = (0.050 — n)k 


where / is a rate constant equal to —di/dy. Since 
the data show that 7 is independent of 7, the rate 
constant k must then be so large that the experi- 
mental technique used cannot detect changes in 
overvoltage with 7 for the current range covered. 

The effect of added sodium ion (Fig. 3) was to 
raise the overvoltage at which the levelling off took 
place. This results because some of the hydrogen 
ions in the double layer were replaced by sodium 
ions which in effect reduced the hydrogen ion 
activity. 
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High Pressure Oxidation of Metals 


Oxidation of Metals Under Conditions of a Linear Temperature Increase! 


Joun P. Baur, Donatp W. BripGes, anp W. Martin Fasse.u, JR. 


Department of Metallurgy, University of Utah, Salt Lake City, Utah 


ABSTRACT 


The oxidation behavior of metals was studied by subjecting the metal sample to a 
linear temperature increase at constant oxygen pressure. The advantages of this method 
over previous isothermal methods are that (a) a rapid preliminary examination of the 
oxidation behavior of any metal or alloy over a desired temperature and pressure range 
“an be made quickly, (b) the region of pressure dependence usually can be found in a 
single experiment, (c) the number of samples needed is greatly reduced, and (d) the 
method serves as a guide for isothermal measurements at constant pressure. 

The linear temperature increase method was applied to Ta, Nb, Mo, Cu, Zr, Mg, Ti, 
and W. Results are in good agreement with those of previous investigations made in this 


laboratory. 


Theoretical considerations show that the results could be explained by imposing the 
conditions of a linear temperature increase on a general type rate equation. 


INTRODUCTION 


Prior to this time, the oxidation behavior of 
metals at high pressures has been determined by 
measuring oxidation rates at a series of constant 
temperatures and oxygen pressures. This method, 
although entirely satisfactory, is time consuming 
in that a separate sample must be used for each 
determination. This is particularly true in the 
preliminary search to ascertain the region wherein 
the pressure effect is most pronounced for a metal 
whose oxidation characteristics at high pressures 
are completely unknown. It would be desirable, 
therefore, to have a method whereby oxidation 
behavior could be surveyed quickly and the pres- 
sure sensitive region found. Such a method has been 
developed here. 

The method consists of measuring the gain in 


weight of a metal at constant oxygen pressure while,. 


at the same time, the metal temperature is increased 
in a linear manner. Similar methods have had wide 
application in the field of differential thermal 
analysis, and Olmer (1) has recently applied this 
technique to the reduction of iron oxides by hy- 
drogen at atmospheric pressure. 


EXPERIMENTAL TECHNIQUE 


A linear temperature increase of approximately 
5°C/min was obtained in one of the standard high- 
pressure furnaces (2) by modifying a standard 
Leeds & Northrup Micromax Controller. This was 
accomplished by connecting a small synchronous 


' Manuscript received November 1, 1954. This paper was 
prepared for delivery before the Cincinnati Meeting, May 
1 to 5, 1955. 
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motor-driven worm and worm gear drive unit to 
the controller set point. The controller then follows 
this linear increase in the set point, thereby raising 
the temperature of the furnace at a linear rate. The 
temperature of the guard windings must be manu- 
ally increased to keep pace with the center winding. 
The rate of temperature increase varies slightly 
over the range of temperature covered, i.e., 400°- 
1000°C, because of the large thermal inertia of the 
furnace used and the absence of automatic controls 
on the guard ring windings. This thermal inertia 
also prevents the furnace from cooling quickly, re- 
quiring several hours to cool to starting tempera- 
ture. 

The operating procedure is as follows. The sample 
is introduced in the usual fashion (2, 3), and the 
furnace flushed several times with oxygen and 
pressurized to the desired oxygen pressure. A start- 
ing temperature is selected and the furnace allowed 
to reach equilibrium at this temperature. Simultane- 
ously the sample is raised into the hot zone and the 
motor drive on the recorder is energized. The sample 
is allowed to remain in the hot zone a sufficient 
time to form a film 10 to 10-* em thick (cal- 
culated from mass gain data). This thickness is 
necessary in order to rule out such considerations as 
logarithmic and cubic oxidation laws and other 
electrostatic and nonequilibrium effects. At regular 
time intervals, the temperature is read on a Leeds 
& Northrup type (8662) potentiometer, and the 
gain in weight of the sample is determined by 
measuring the elongation of a helical quartz spring 
on which the sample is suspended. Data are re- 
corded in the form of curves showing weight gained 
per unit of surface area as a function of temperature. 
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Fic. 1. Oxidation of tantalum under conditions of a 
linear temperature increase of 5°C/min. 


INVESTIGATION OF THE OXIDATION OF TANTALUM 
IN OxYGEN witH LINEAR TEMPERATURE 
INCREASE 

In order to test the method it was decided to 
investigate the behavior of tantalum in oxygen 
because this metal had been thoroughly investigated 
previously (3) and all energy values were known. 
Fig. 1 shows the plot of weight gained per unit 
surface area as a function of temperature for five 
oxygen pressures: 14.7, 30, 50, 75, and 100 psia. 
From these curves, three temperature regions are 
apparent: A—B, a lower horizontal region, in which 
the oxidation rate is either too low to be recorded 
by the weighing system or is insensitive to pressure; 
B-C, a curved “knee” portion over which the metal 
is pressure sensitive, i.e., the slope of the curve (a 
function of the oxidation rate, dm/dt) changes with 
temperature and pressure; and C—D, upper hori- 
zontal portion indicating that the metal has been 
completely oxidized. 

It has been found that the region B-—C is in agree- 
ment with oxidation rate curves for tantalum at 
various pressures [Fig. 6 of reference (3) which 
shows an increase in rate in the region 550°-650°C 
and a decrease in the region 650°-750°C}. 


THEORETICAL CONSIDERATIONS 


Work in this laboratory has shown a general type 
of rate equation for pressure sensitive oxidation of 
the form: 


dt RT 
kT AH As} 
dm kT —AF' 
m C,f(0) exp 
(II) 


kT —AH' AS* 
= (,f(0) E- | exp | 
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where m is the mass increase per unit of surface 
area; k, is a proportionality constant with the di- 
mensions of /L~ and includes the correction factor 
for the true surface area (surface roughness and 
number of active sites per surface area) involved in 
the oxidation reaction; C, is a constant for the 
parabolic case discussed in detail in Appendix II; 
and @ is the fraction of surface sites covered. The 
other terms retain their customary significance as in 
the Eyring theory (4, 5) with the transmission co- 
efficient equal to unity. Equation (I) is applicable 
to linear oxidation, while equation (II) is the corre- 
sponding expression for parabolic oxidation, in a 
region where the oxidation rate is pressure sensitive 
(i.e., in a region where the oxidation rate is a func- 
tion of the external concentration of oxygen).? 

Experimental restrictions of an imposed linear 
temperature increase result in a possible variable 
substitution: 


T=bt+e (IIT) 
or 
dT = b-dt (IV) 


where 7 is the absolute temperature; ¢ is the time; 
b is the rate of increase of temperature per unit 
time; and c, the starting temperature in degrees 
Kelvin. 

Incorporation of equation (IV) in equation (I) 
results in an expression for the mass increase per 
unit of surface area, under the conditions of linear 
temperature increase as given in equation (V) 


m kik T pe t 
Am = dm = bh |, so exp| Jar (V) 


where = k,-e***" because the term is here 
assumed to be temperature independent over the 
range of temperatures used. Knowledge of the con- 
centration term, f(@), as a function of temperature 
would allow evaluation of the integral—by graphical 
means if no other method of solution were feasible. 

Judicious choice of experimental conditions re- 
sults in two limiting cases of equations (I) and (II) 
which are resolvable into standard functions and a 
tabled definite integral, the exponential integral. 
The concentration term, f(@), is here assumed, as in 
reference (3), to be 


$0) = 9 = 


1+ K;-[Os] 


where K,, the equilibrium constant for the ad- 


sorption process, is represented as a function of 
temperature by 


, —(AF/RT T s/ 
K, ( ) (AH/R R (VII) 


2 See Appendix II for a discussion of this point. 
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and the effective surface concentration of the oxygen 
in terms of the external gas concentration [O,] is 
given by: 
This is in accordance with reference (3) on tan- 
talum. The function, f(@), could possibly be much 
more complex. 

Substituting equation (VI) into equation (V) one 
obtains: 


* xp | 
(LX) 


exp | i+ Kyo. 


Substitution of equations (VII) and (VIII) into 
equation (IX) yields the following expression for 


the mass increase: 
T-exp| 
th R1 
P/RT-exp (AS/R) exp (—AH/RT) IT 

1+ P/RT-exp (AS/R) exp (—AH/RT) 

If @ < 1, P/RT-e4s/8-e-44/kT can be neglected 
in the denominator of equation (IX) resulting in 
the first approximate solution of equation (X), i.e., 
the limiting case for small surface coverage: 


kik 
exp | bh 


= (VIII) 


(X) 


(XI) 
ex [= 42 + AH) dx 
R 
where « = 1/T and dT = —dx/2’. 
Integration’ of equation (X1) yields: 
bh RPL R RT 
(XID 
_f + ly - - (AH* + 
R RT 
where 


—Ei(—2x) = | — ‘du; x >O 


is called the exponential integral. This function is 
tabled (6, 7). 

For the limiting case of complete surface coverage, 
i.e., 9 = 1, a pressure independent equation results 
from equation (LX) by a change in variable as in 
equation (XI). 


kk fi_ AH* 
Am = — exp | dx 


* Integral 302, p. 262, ‘“‘Handbook of Chemistry and 
Physies,”’ 31st ed., Chemical Rubber Publishing Co., 
Cleveland (1949). 
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Integration yields 


m = keh | - (- on) 
bh \? 


a R 1 exp ( aT) (XIV) 


Equations (XII) and (XIV) point the way to a 
possible method of obtaining energy values for the 
heat of activation and the heat of adsorption. 

Graphical integration of equation (X) was chosen 
to fit the data for tantalum over the entire tempera- 
ture range at any one pressure because either of the 
limiting case equations (XI) and (XIII) fails when 
applied to the entire range of surface coverage, i.e., 
1.4 

In the case of tantalum, the data of Peterson and 
coworkers (3) provides a test for equation (V) and 
further substantiates the postulated mechanism of 
oxidation of tantalum. For tantalum, equation (X) 
is applicable. The following values of involved 
energies are available: AH = —27,350 cal/mole; 
AH* = 29500 cal/mole (600°-800°C); AS = 
22.58 entropy units. Equation (X) becomes for 
graphical integration: 


6 
Am 509 10 bh 


T-exp (—1075/T) 
ss T/P + 1.509 X exp (13,675/T) 


(XV) 


T 


dT 


where P is in atmospheres. 

The test of the method can then be made by 
applying equation (XV) to the data on tantalum 
and using graphical integration to evaluate the 
integral. Equation (XV) can be rewritten as: 


{Amr — Amy,} 


T/P + 1.509 X 10~ exp (13,675/T) 


= const. (XVI) 
or 


= = Amre constant (XVII) 


where & is the value of the definite integral. Table I 
shows the application of equation (XVI) to the data 
used to obtain Fig. 1. The agreement of the con- 
stants of Table I for each pressure is striking, but 
it will be noted that those for the pressures 14.7 
and 100 psia are not in as good agreement with 
the other pressures as might be desired. These 
anomalies can be explained by considering the fol- 


* See Appendix I for a discussion of this point. 
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TABLE I. Application of equation (XVI) to the data of tantalum oxidized under conditions of a linear increase in temperature 


14.7 psi 30 psi 50 psi 75 psi 100 psi 

608 2.327) 0.657.0.282) 608 4.694 0.7410.159 606 7.688 1.3030.170 614 15.809) 1.263 0.080 610 18.712, 1.991/0.106 
617 4.971, 1.396.0.281 619 11.232) 1.540.0.137, 616, 17.448 2.649:10.152) 622) 27.528) 2.8420.103) 619) 35.919) 3.810/0.106 
625, 7.345, 2.2380.305 630 17.886 2.514)0.141) 628) 29.393) 3.91210.133) 633) 43.935) 4.54110.103 630) 57.409 5.517/0.096 
638 11.272 2.9900.265 641 24.662 3.5450.144 639 40.550) 5.072/0.125) 644) 60.659) 6.248:0.103 641) 79.414 7.13110.090 
648 | 14.352) 3.753 0.262 651, 30.919) 4.4240.143 650 51.932, 6.2420.120 654) 76.177\ 7.849.0.103) 651,109.798 8.838'0.080 
659 17.790, 4.499.0.253 663) 38.568 5.344.0.139) 662) 64.609 7.392:0.114) 666) 95.158 9.4770.100) 661/130.625 10.7400 .082 
670 21.286 5.2480.247) 674, 45.722) 6.4150.140 673, 76.436) 8.6220.113) 676/111.245 10.993 0.099) 670/149.683' 12.840. 0.086 
681 24.830 6.023.0.243 685, 52.965 7.5220.142 684 688 130.870 12.794.0.098 | 
692 28.419 6.8420.241 695, 59.614 8.6820.143 694 99.50411.457/0.115) 696/144.151/14.831 0.103 
703 32.045 7.7270.241 704 65.671) 9.8700.150, 704 110.702 13.132'0.119 


713 | 35.379 8.6350.236 711, 74.541/11.2220.151 713 120.879 15.034.0.124 | 


724 39.102, 9.683'0.248) 728, 
7 42.848 10.7310.250 738! 89.108 14.133.0.159 


lowing. In the case of 14.7 psia it can be seen by 
examination of equation (XVI) that this equation 
is extremely sensitive in the region about P = 1 
atm or 14.7 psia. A slight increase in the absolute 
pressure yields a value for the constant more con- 
sistent with those obtained at the other pressures. 
For example, if the pressure were actually 16 psia 
(which is entirely possible because of the difficulty 
of setting the oxygen at 1 atm using the high pres- 
sure gauges, and the pressure increase due to the 
increase in temperature from 400° to 800°C), the 
value of the constant would be changed by 8%. 
In the case of the 100 psia run, the difference can 
possibly be explained by considering the high 
oxidation rate and the difficulty of following this 
rapid weight increase with the cathetometer tele- 
scope. Equation (XVI) is far less sensitive at 100 
psia than at 14.7 psia. A slight increase in the value 
of Amy — Amr, would result in a more consistent 
value of the constant. 


INVESTIGATION OF THE OXIDATION OF 


Previous work in this laboratory on copper (8) 
has shown the oxidation rate to be independent 
of oxygen pressure between 1 atm and 20.4 atm. 
Evaluation of more recent data results in an energy 
of activation of 31,605 cal/mole (100-300 psia) and 
31,437 cal/mole (1 atm) for the temperature range 
700°-1000°C (9). Using equation (VI) of Appendix 
II, the general type of rate equation for parabolic 
oxidation can be integrated to yield an expression 
similar to equation (XIV) as follows: 


» Chie. (= 
exp| an |+ R) 


AH AH? 
{ Bi or) exp| |} 


, Ast/R 
where: C, = 


(XVIID 
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TABLE II. Application of equation (XVIII) to data of high 
purity OFHC copper oxidized under conditions of a linear 
increase of temperature 


14.7 psia 100 psia 


= | 2 
Am? 


| 
o 


715 | 0.473) 0.620 0.763 | 714 | 0.273) 0.475) 0.575 
726 0.909 1.368) 0.664 726) 0.879) 1 
738 | 1.508) 2.277) 0.662 737| 1.341) 1 
750 2.404 3.374) 0.713 748 | 2.156) 2.918) 0.739 
762 | 3.290| 4.466) 0.736 | | 2.891) 4 
6 
7 


— 


bo 


773 | 4.297) 6.120) 0.702 | 771 | 3.839) 5.389) 0.713 
783 | 5.374) 7.579) 0.709 | 780 .743| 6.596 0.719 


3 
4 
796 | 6.827) 9.928 0.688 | 791 | 6.080 8.330) 0.730 
6 
8 


805 | 8.391 11.679 0.718 802 | 6.887) 10.249) 0.672 
817 | 10.143 14.392, 0.705 812 | 8.750) 12.336) 0.709 
829 11.974) 17.622 0.680 823 | 10.545) 14.768 0.714 
839 | 14.641) 20.430 0.717 | 834 | 12.801) 17.589) 0.728 
852 | 17.766 25.080 0.708 844 | 15.370) 20.611) 0.746 
862 | 21.245) 28.898 0.735 | 854 | 18.227) 24.083) 0.757 
872 | 25.158) 33.239) 0.757 | 865 | 21.871] 28.083) 0.779 
883 | 29.727) 38.624) 0.770 875 | 26.662) 32.298) 0.826 
895 | 35.432) 45.484, 0.779 | 887 | 30.824) 38.379) 0.749 


For the temperature range 700°-1000°C the test 
of equation (XVII) can be made by illustrating 
that: 


2 2 
Am AMio0°c 


= constant = C (XIX) 


v 
—700°C 


where 2; — =r, is the value of the definite integral 
between T = T and T = 700°C. Table II shows 
the results of this evaluation applied to the data on 
high purity OFHC copper subjected to oxidation 
under a linear temperature increase of 5°C/min. 

Agreement between the values of the constants 
of Table II is excellent and shows that the oxidation 
behavior of copper can be explained by application 
of equation (ID). 
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Fig. 2. Oxidation curves for various metals under con- 
ditions of a linear temperature increase of 5°C/min and 
constant oxygen pressure of 100 psia. 


OTHER METALS INVESTIGATED 


As a preliminary survey, the oxidation behavior 
of a number of other metals, Nb, Zr, Ti, W, Mg, 
Mo, in addition to Ta and Cu, were also inves- 
tigated under conditions of a linear temperature 
increase. Fig. 2 shows the oxidation curves for Nb, 
Zr, Mo, Cu, Ta, and Ti over the temperature 
range 450°-790°C and oxygen pressure of 100 psia. 
Tungsten was not included on this graph because 
the pressure sensitive region occurs above 750°C, 
and the oxidation rates below this temperature are 
too low to be recorded. The curves clearly show the 
difference in oxidation behavior between those 
metals which oxidize according to the linear law 
(Ta, Nb, and Mo) and those (Cu, Ti, and Zr) 
_ which oxidize according to the parabolic law, i.e., 
in which a protective oxide film is formed. 

The oxidation behavior of high purity mag- 
nesium is worthy of special mention at this point. 
Over the temperature range 417°-584°C, the sample 
gained very little weight (0.064 mg/cm?) until 
ignition occurred at 591°C. 

An interesting comparison can be made between 
the oxidation behavior of molybdenum and that of 
tantalum and niobium. The curve of molybdenum 
shows a pressure sensitive region from 550°-650°C 
after which the weight gained approaches a limiting 
value over the temperature range 650°-700°C, as 
though the metal were forming a protective film. 
Samples ignited at 725°C. These findings are in 
excellent agreement with earlier work (10) which 
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Fic. 3. Curve showing approximate oxidation rate for 
niobium calculated from the curve of Fig. 2. 


gave the following regions for molybdenum: (A) 
no pressure dependence of oxidation rate was found 
from 500° to 525°C; (B) from 550° to 700°C the 
oxidation rate was sensitive to pressure; and (() 
a peculiar pressure sensitive transition region 650°- 
700°C was observed. The curve for tantalum, in- 
cluded here for comparison, was described above. 

Niobium oxidizes in a manner similar to that 
of tantalum but with a more pronounced pressure 
effect over the temperature region 530°-700°C. The 
pressure sensitive region is strikingly shown in 
Fig. 3 in which the slope, determined from the 
niobium curve of Fig. 2, is plotted against the 
temperature. This cusped shaped curve is charac- 
teristic of metals which oxidize according to equa- 
tion (1) and is in good agreement with the findings 
of this laboratory in the investigation of the oxida- 
tion of niobium recently completed (11). In regard 
to Fig. 3, it should be noted that the values of the 
rate constant are, at best, approximations within 
the limits of experimental techniques, and should 
not be used as absolute rate values. 


CONCLUSIONS 


A method of studying the oxidation behavior of 
metals in oxygen has been developed in which a 
metal sample is subjected to a linear increase in 
temperature at a constant oxygen pressure. The 
method was found to have the following advantages. 

1. It yields a rapid cursory examination of the 
oxidation behavior of a metal over any desired 
temperature range. 

2. It determines the temperature range over 
which the oxidation rate is pressure dependent. 
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3. It consumes a minimum number of samples, 
using one sample per run. 

4. It gives approximate values of the rate con- 
stant over the temperature range, and can be used 
to evaluate values of the activation energy of the 
reaction and the enthalpy and entropy of adsorp- 
tion by the solution of equations (XII) and (XIV).° 

The method was applied to Ta, Nb, Mo, Cu, Zr, 
Mg, Ti, and W, and experimental results obtained 
are in good agreement with results of previous in- 
vestigations of these metals made in this laboratory. 
It was shown by theoretical considerations that 
experimental results obtained on tantalum and 
copper could be explained by imposing the condi- 
tions of a linear temperature gradient on a general 
type of rate equation (developed in this laboratory) 
for pressure sensitive metals. It is believed that this 
method shows much promise and will prove to be of 
considerable value in future investigations of the 
oxidation behavior of metals and alloys, particu- 
larly those about which little or nothing is known. 
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APPENDIX I 


The range of convergence of the limiting case solutions 
of equation (X) can best be illustrated by rewriting equa- 
tion (IX): ' 


kik AH? Ky {Oz} 
Am [am bh | exp | i+ dT (1Xa) 


Case I.—K,-[Oz| < 1, i.e., @ < 14, using the variable sub- 
stitution as above, equation (IXa) can be rewritten as 
follows: 


kok P + AH) AS 
Am= — — ex x 


"dz 


Upon expansion of the infinite series one obtains: 


kok [ P (AH? + AH) 
bh J R “PTR | 


(1 — KilO.) + — ---} de 


It is obvious that this series converges for all values of 
| K,{O2| | < 1 corresponding to @ < 1%. It will also be noted 
that equation (XI) can be obtained from equation (IXc) 
by retaining only the first term. 
Case IT.—K,{O2| > 1, i.e., > 44. 

By multiplying numerator and denominator of equation 
(IXa) by 1/K,[{O2] one obtains: 


kik 
Am = [am 


bh 
(IXd) 
AH*+ 1 
xp| — — aT 
which, when expanded as in equation (LXb), yields 
A = / 1 = kok 1 AH} 
m= | dm= aie exp R x 
(—1)" Kr "|O.)- dz 
0 
Upon expansion as in equation (IXc) one obtains: 
| kok [1 AH? 
m= | dm = —— | —e) —-—vz 
m bh R 
(IXf) 


1 1 
——- - ... } 
This series converges for all values of | Ki-[O.]! > 1 


corresponding to @ > 14 and equation (XIII) can be ob- 
tained by retaining only the first term of equation (IXf). 
APPENDIX II 

Clarification of the term pressure sensitive parabolic 
oxidation seems in order. Pressure sensitivity means that 
the oxidation rate is effected by the external concentration 
of the oxygen or, perhaps more realistically, by the con- 
centration of the oxygen chemisorbed on the reaction 
surface. The effect of surface coverage upon the linear rate 
of oxidation has been noted above (see page 491 of text), 
and pressure effects have been observed in the case of 
parabolic oxidation (1). It.should be kept in mind that 
pressure is not the desired variable but the concentration of 
the surface oxygen phase. The pressure of the gas is only 
directly proportional to the concentration of the gaseous 
phase for constant temperature. For variable temperature 
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(or in the comparison of one isothermal set of rates with 
another), the more complete expression, |O.) = n/V = 
P/RT, should be used. This expression assumes the ideal 
gas law to hold and that the surface activity of oxygen is 
directly proportional to the bulk gas phase activity. 

As first derived by Tammann (2), the rate of growth of 
an oxide layer is controlled by the concentration gradient 
of diffusing atoms; the thickness X of the oxide layer varies 
with time, ¢, as: 


dX/dt = A/X (Ia) 


X? = 2At + constant (Ib) 


Mott and Gurney (3) derive the expression for the 
constant A for a semiconductor to be: 


A = — (11) 


where © is the volume of oxide per metal ion, D is the diffu- 
sion coefficient, and the bracketed quantity is the concen- 
tration gradient of the interstitial migrating cations for 
excess metal oxides or, for a metal deficit oxide, the con- 
centration of lattice vacancies. This quantity permits three 
types of concentration gradients, with nz and mn; equal to: 
(a) concentrations of electrons at the respective interfaces 
when the conductivity of the electron is small compared 
to that of the ion species; (b) twice the concentrations of the 
metal ions at the respective interfaces when the oxide is a 
metal excess type semiconductor; and (c) twice the con- 
centrations of the oxygen atoms at the respective interfaces 
when the oxide is a metal deficit type semiconductor, the 
mobility of metal ions through lattice vacancies in this case 
is directly proportional to the concentration of the oxygen. 

For systems involving an oxygen/oxide interface of type 
(a) or (b), pressure sensitivity would not be expected ex- 
cluding low pressure ‘“‘oxygen starvation’’ effects or film 
growth involving electrostatic potential barriers. Type (c) 
oxide layers in contact with external oxygen would exhibit 
pressure sensitivity according to the degree of relative 
surface coverage. 

For oxygen excess oxides Mott and Gurney state the 
following: ‘‘Now it was shown that cuprous oxide is a con- 
ductor only if it contains an excess of oxygen, and that its 
conductivity increases with increasing pressure of oxygen 
in contact with the erystal. On the other hand cuprous 
oxide in contact with copper is practically of stoichiometric 
composition. Thus in tarnishing reactions ny < ns and the 
rate of reaction is determined by ne, the concentration of 
excess oxygen at the free surface... .”’ (p. 257, op. cit.) 
Hence equation (II) becomes for an oxygen excess semi- 
conductor oxide 


A = —22 = —20f(0)-D (IIT) 


where f(@) = neo, and @ is the fraction of surface covered 
with chemisorbed oxygen. 

According to Eyring (4) the diffusion coefficient, D, 
should be: 


D = /h-exp|—AF*/RT] (IV)’ 


where \ is the jump distance between interstitial positions 
in the lattice for metal excess oxides or the corresponding 
vacancy jump distance for metal deficit oxides; K is the 
transmission coefficient (usually assumed unity); k is the 
Boltzmann constant; h is Planck’s constant; AF? is the 
activation free energy associated with the jump of cations; 
T is the absolute temperature; and RF is the molar gas con- 
stant. 
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Thus equation (II) of text results: 


m:-dm/dt = = —2Qk,-f(@)-D 
= + AS*/R| (V) 


where (,, = 2d?-(—@)-k, , and k, is defined on page 491 of 
the text. 

The validity of the factor k7’/h in the Eyring derivation 
has been challenged by Zener and others (5, 6). They re- 
place the factor with a frequency of vibration function. 
However, this is of more theoretical importance than of 
immediate consequence, as the effect of a linear tempera- 
ture factor when multiplied by an exponential term con- 
taining the variable is but slight. 

It should be noted that the above derivation is es- 
sentially as that set forth by Gulbransen (7). However, 
Gulbransen does not distinguish the rate-determining 
ionie gradient species for the two known types of semi- 
conductors, i.e., metal deficit and metal excess. 

Equation (V) does not hold for metal excess semicon- 
ductors such as ZnO or FeO; where ne would be the con- 
centration of metal ions at the free surface. This concen- 
tration would be expected to be nearly constant, although 
recent work (8-10) shows pressure effects for this case. 

Where the surface coverage is unity in the case of rate- 
controlling diffusion through an oxygen excess semicon- 
ductor | f(@) = 1] or where the semiconductor is a metal ion 
excess oxide [with no dependence on f(@)|, the equation for 
parabolic growth reduced to 

m-dm/dt = C,-kT/h-exp|—AF*/RT] (VI) 
The entire temperature dependence now rests with the 
temperature variation of the diffusion coefficient. 

Application of the foregoing arguments is attempted in 
the text proper for the metal copper in region where two 
oxides are known to exist in equilibrium with the metal, 
The semiconductor properties of CusO have been well 
established (1) but those of the other oxide of copper, 
CuO, are not well known (9, 11). Thus as the oxygen/oxide 
interface is probably O./CuO in the temperature-pressure 
range investigated it is impossible to state whether the 
observed pressure insensitivity of the system is due to 
complete surface coverage or to the fact that CuO is a type 
(a) or (b) semiconductor. 
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